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Land-use change threatens biodiversity and ecosystem services worldwide. Tropical areas 
are currently particularly affected: natural ecosystems are being transformed into large-
scale monocultures or small-scale mosaic landscapes characterized by smallholder agricul-
ture. In both cases, the conversion of natural ecosystems into agriculturally used areas can 
greatly increase yield, at least in the short term. 
A rapid change in land use is currently taking place in north-eastern Madagascar, driven by 
two main factors: the cultivation of rice through shifting cultivation and the conversion of 
forests and fallow land into vanilla agroforestry. The result of these processes is a small-
scale and very heterogeneous agricultural landscape. This dissertation shows what this 
land-use change means for biodiversity and ecosystem services, how realized harvests and 
profitability influence land use decisions, and where there are opportunities for nature con-
servation through targeted policy interventions in north-eastern Madagascar. Importantly, 
this is a greatly under-researched topic, given that research on the conservation value of 
converted lands in Madagascar is still in its infancy. Indeed, nearly nothing has been pub-
lished on biodiversity, ecosystem services, and yields in vanilla agroforests. 
To compare different forms of land use, we selected 80 plots in 10 villages and in Marojejy 
National Park where we collected a large part of the biodiversity and ecosystem service data 
that underpins this dissertation. The seven land-use types were old-growth forest, forest 
fragment, forest-derived vanilla agroforestry, fallow-derived vanilla agroforestry, herba-
ceous fallow, woody fallow, and rice paddy. To obtain more precise data on tree dynamics 
and harvests in vanilla agroforests, we additionally researched a chronosequence with 209 
vanilla agroforests. Furthermore, this thesis also contains a review on the importance of 
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considering land-use history for biodiversity and ecosystem services in agroforestry sys-
tems (Chapter 2).  
There are three principal findings: firstly, species communities of birds (Chapters 3 & 4), 
reptiles and amphibians (Chapter 5) differ greatly between land-use types and that old-
growth forest is irreplaceable for many species, especially the endemic ones. Secondly, va-
nilla agroforestry systems offer conservation opportunities, especially if established on fal-
low land instead of inside forest (Chapters 3 - 9). Thirdly, vanilla harvests in agroforestry 
systems are independent of canopy cover, making vanilla cultivation in tree-rich agrofor-
ests feasible, thereby reaping the associated benefits for biodiversity and ecosystem ser-
vices without yield costs (Chapters 7 & 8).  
This dissertation thus provides a major advancement of our understanding of biodiversity 
change and ecosystem services in the agricultural smallholder landscape of north-eastern 
Madagascar. It also sheds some first light on the complex interplay between land-use his-
tory, shade trees, and management practices in determining vanilla yields in vanilla agro-
forests. Lastly, this thesis also provides a conceptual advancement of the field, by identifying 
the importance of land-use history in determining biodiversity and ecosystem services in 
tropical agroforests.  
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Zusammenfassung 
Änderungen der Landnutzung bedrohen weltweit die Artenvielfalt und Ökosystemdienst-
leistungen. Tropische Regionen sind heute davon besonders betroffen: natürliche Ökosys-
teme werden zu großflächigen Monokulturen oder zu kleinräumigen Mosaiklandschaften, 
letztere geprägt von kleinbäuerlicher Landwirtschaft. In beiden Fällen lassen sich durch die 
Umwandlung natürlicher Ökosysteme in landwirtschaftlich genutzte Flächen die Erträge 
zumindest kurzfristig stark vergrößern. 
In Nordost-Madagaskar findet zurzeit ein rapider Landnutzungswandel statt, getrieben 
durch Anbau von Reis durch Brandrodung sowie die Umwandlung von Wäldern und Brach-
flächen in Vanille-Agroforste. Das Resultat dieser Prozesse ist eine kleinräumige, von Klein-
bauern bewirtschaftete, sehr heterogene Kulturlandschaft. Diese Dissertation zeigt, was 
dieser Landnutzungswandel für die Biodiversität und Ökosystemdienstleistungen bedeu-
tet, wie Ernteerträge und Profitabilität Landnutzungsentscheidungen beeinflussen, und wo 
sich in Nordost-Madagaskar Chancen für den Naturschutz bieten. Damit ist die Arbeit ein 
Beitrag zum noch jungen Forschungsfeld der Landnutzungsforschung in Madagaskar. Dass 
dieses Thema noch wenig untersucht wurde, zeigt sich auch darin, dass bis anhin fast nichts 
über Artenvielfalt und Ökosystemdienstleistungen in Vanille-Agroforsten bekannt ist. 
Um die verschiedenen Formen der Landnutzung vergleichen zu können, haben wir 80 Flä-
chen in zehn Dörfern und im Marojejy Nationalpark ausgewählt. Auf diesen Flächen haben 
wir den Großteil der Daten zu Biodiversität und Ökosystemdienstleistungen gesammelt, die 
als Grundlage für diese Arbeit dienen. Im Fokus standen sieben Landnutzungstypen: Pri-
märwald, Waldfragment, Vanille-Agroforst mit Waldursprung, Vanille-Agroforst mit Brach-
landursprung, krautige Brache, holzige Brache, und Naßreis. Um genauere Daten über 
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Baumdynamik und Ernten in Vanille-Agroforsten zu sammeln, habe wir zusätzlich eine 
Chronosequenz mit 209 Vanille-Agroforsten erforscht. Ferner enthält diese Dissertation ei-
nen Review zur Landnutzungsgeschichte in Agroforstsystemen (Kapitel 2). 
Die Resultate zeigen unter anderem, dass sich Artengemeinschaften von Vögeln (Kapitel 
3 & 4), Reptilien, und Amphibien (Kapitel 5) stark zwischen verschiedenen Landnutzungs-
typen unterscheiden und dass Primärwald unersetzlich für viele Arten ist, insbesondere die 
endemischen. Vanille-Agroforstsysteme bieten Chancen für den Naturschutz, insbesondere 
wenn diese auf Brachland und nicht im Wald etabliert werden (Kapitel 3 - 9). Zudem sind 
Vanilleernten in Agroforstsystemen unabhängig vom Beschattungsgrad. Der Anbau von Va-
nille in baumreichen Agroforsten ist demnach ohne Ernteverlust realisierbar (Kapitel 7 & 
8) und hat Vorteile für Biodiversität und Ökosystemdienstleistungen. 
Die vorliegende Dissertation führt zu einer wesentlichen Verbesserung unseres Verständ-
nisses bezüglich des Wandels der Artenvielfalt und der Ökosystemleistungen in der klein-
bäuerlich geprägten Agrarlandschaft des nordöstlichen Madagaskars. Sie gibt auch erste 
Einblicke in den Einfluss von Landnutzungsgeschichte, Schattenbäumen und Bewirtschaf-
tungspraktiken auf Vanilleernten. Das Herausheben der Bedeutung der Landnutzungsge-
schichte für Biodiversität und Ökosystemleistungen in tropischen Agroforstsystemen stellt 




I start my thesis with an introduction followed by seven research chapters. I led four of 
these chapters myself (Chapters 2, 3, 6 & 8), while the other three were led by one of my 
colleagues (Chapters 5 & 7) or a MSc student I advised (Chapter 4). In chapter 9, I list ab-
stracts of additional manuscripts to which I have contributed. I finish the thesis with a syn-
thesis chapter (Chapter 10). Additionally, I included boxes in the introduction and synthe-
sis chapters to give a different perspective on my PhD – a bit away from the science, I 
highlight six aspects of this four-year journey. 
Chapter 1, the introduction, sets the frame, by highlighting land-use change as a key driver 
of biodiversity loss and outlines ways for more biodiversity-friendly farming. To provide 
important context about the field studies, I then continue with a section on the natural his-
tory of Madagascar and the pressing land-use and conservation challenges the country 
faces. I finish the chapter with a detailed overview of our study design. 
Chapter 2, published in Conservation Letters, conceptualizes land-use history of tropical ag-
roforestry systems and reviews ecosystem services and conservation value of agroforests 
of contrasting land-use history. While of broad relevance for agroforestry research in gen-
eral, the chapter also provides the key conceptual framework for chapters 4 to 10 which are 
based on field data. 
Chapter 3, published in Biotropica, investigates how bird diversity and composition changes 
along a land-use gradient in north-eastern Madagascar. The chapter thus provides first in-
sights into the response of biodiversity to land-use change in the region. 
Chapter 4, led by MSc student Saskia Dröge and published in Ecological Indicators, uses 
sound recording data to show how a variety of sound diversity indices vary across the land-
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use gradient. The chapter further links these indices with bird data from chapter 4 to inves-
tigate how sound diversity may work as a proxy for biodiversity.  
Chapter 5, led by my PhD colleague Thio Rosin Fulgence, uses an extensive dataset of am-
phibian and reptile abundances across the land-use gradient to show how species richness, 
composition and abundance is strongly influenced by land use. 
Chapter 6, published in Ecosystems, investigates how canopy cover, agroforest age and 
planting density influence vanilla yields across 209 vanilla agroforests and how tree reha-
bilitation on the plot-scale may translate to the landscape-scale 
Chapter 7, led by my PhD colleague Annemarie Wurz, investigates drivers of vanilla yields 
in more depth and elucidates how it is possible to combine high vanilla yields with high 
levels of biodiversity. 
Chapter 8, the ‘crown’ of this thesis, describes re-occurring conservation opportunities 
along the land-use trajectory, thereby synthesizing data from across the empirical chapters. 
The chapter further includes data from other research from within the project, namely from 
the papers that have their abstracts included in chapter 9. 
In Chapter 9, I list seven abstracts of manuscripts led by my colleagues from across the Di-
versity Turn project to which I contributed as a co-author. Two manuscripts highlight how 
additional taxonomic groups (Trees, 9.1; herbaceous plants, 9.2) are affected by land-use 
change in north-eastern Madagascar. These are followed by five additional manuscripts: 
first, a natural history note (9.3) describes how spiders build traps to catch frogs. Second, a 
manuscript (9.4) that investigates how predation rate, a key ecosystem service, changes 
across the land-use gradient. Third, a manuscript highlighting carbon sequestration oppor-
tunities through fallow-derived vanilla agroforestry (9.5). Fourth, a study investigating eco-
system services of various land-use types 9.6). Fifth, a socio-economic baseline study (9.7) 
that provided some foundational work for village- and plot selection. 
In Chapter 10, the synthesis of this thesis, I jointly discuss the findings of chapter 2 to 9. I 
conclude on the value of various land-use types for ecosystem services and biodiversity. I 
further discuss outcomes of different land-use trajectories in relation to possible alterna-
tives. Lastly, I relate the findings of this thesis to the broader context within Madagascar and 
the wider land-use literature. 
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1  Introduction 
1.1 Land-use change as a key driver of biodiversity loss
Life on earth is threatened by human activities, namely land-use change, climate change, 
pollution, and invasive species (IPBES 2019). Importantly, these stressors are not inde-
pendent but often have cumulative effects on our environment (Hof et al., 2011). On top of 
this, responses of the environment to the stressors may not be linear (Schneider, 2004). 
Instead, we might face non-reversable regime shifts (Cooper et al., 2020; Trisos et al., 2020) 
and collapses of complete ecosystems, if tipping points are passed (Lovejoy & Nobre, 2018). 
Land-use change may also lead to ‘ecosystem decay’, a process where species decline faster 
than would be expected by habitat loss alone (Chase et al., 2020). This highlights the case 
for coordinated action in addressing various stressors to safe biodiversity.
The Sustainable Development Goals have been designed and approved by the United Na-
tions to halt negative impacts on the environment and to improve the well-being of human-
kind (United Nations, 2015). The seventeen goals aim to ensure the welfare of humans as 
well as the environment, with the two goals Life below water and Life on land directly refer-
ring to biodiversity (United Nations, 2015). Importantly, the goals cannot be reached inde-
pendently and should be approached in an integrated way (Blanc, 2015).
However, key knowledge gaps to achieve the Sustainable Development Goals remain, par-
ticularly concerning the effectiveness of policies to promote desired socio-ecological 
change, and relating to the feedbacks between social and ecological systems (Mastrángelo 
et al., 2019). These knowledge gaps are also relevant to land-use change, the largest driver 




1.1.1 Drivers of land-use change 
Land-use change can be divided into two principal processes: Land cover conversion, i.e. 
the transformation of one land cover type into another, and land-cover modifications, i.e. 
changes within one land-cover type, such as agricultural intensification within arable land 
(Lambin et al., 2003). In historically forested landscapes, the first land cover conversion 
signifies an abrupt and massive change: at so-called agricultural frontiers (or forest fron-
tiers), forest is converted into agricultural land. Importantly, most agricultural frontiers are 
nowadays in the tropics (Meyfroidt & Lambin, 2011) where forest transformation happens 
through two principal processes: large-scale deforestation for commodity production and 
shifting cultivation (Curtis et al., 2018). 
Large-scale deforestation for agricultural commodities such as oil palm and soy is respon-
sible for 27% of global forest loss (Curtis et al., 2018). This figure does, however, vary geo-
graphically, and in Southeast Asia and Latin America, more than 60% of forest loss is at-
tributed to large-scale deforestation. In Africa, in contrast, only 2% of forest loss can be at-
tributed to this driver (Curtis et al., 2018). 
The second principal process is shifting cultivation, which is globally responsible for 24% 
of forest loss (Curtis et al., 2018). Again, regional figures are hugely variable: in Africa, shift-
ing cultivation is responsible for 93% of deforestation, whereas in Southeast Asia and Latin 
America, shifting cultivation is accountable for only around 20% of forest loss (Curtis et al., 
2018). Shifting cultivation has become less important over time and is expected to continue 
to decrease in extent, yet 280 million hectares remain under shifting cultivation today 
(Heinimann et al., 2017), with the largest share in Africa. 
Shifting cultivation is often portrayed as destructive, inefficient, and irrational, and policies 
promoting alternatives to shifting cultivation have been pushed by UN organisations (Mertz 
et al., 2009). Studies have shown, however, that shifting cultivation may well be a rational 
decision for tropical smallholder farmers (Mertz et al., 2009; van Vliet et al., 2012). Their 
actions are driven by responses to economic opportunities that are created through global 
forces (Lambin et al., 2001). Policies that aim to reduce forest loss through shifting cultiva-
tion thus need to put people at the centre and understand how their actions are embedded 
in the local, national and global context. 
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1.1.2 Mitigating the negative effects of land-use change on habitats, species and eco-
system services 
One of the longest-standing mitigation approaches to the negative effects of land-use change 
has been the implementation of protected areas (Watson et al., 2014). Protected areas have 
lower rates of land-use change than surrounding habitats (Andam et al., 2008) and biodi-
versity therein is higher than outside (Gray et al., 2016). Protected areas are, however, not 
without pressures. Degradation of habitat within protected areas is common (Watson et al., 
2014), particularly in regions with weak governance (Geldmann et al., 2019), questioning 
their value in the long run. Additionally, it is questionable for how long relatively small and 
isolated ‘high-value habitat’ inside protected areas can sustain biodiversity, given the lack 
of connectivity between protected areas (Newmark, 2008). 
It is thus unsurprising, that conservationists and landscape ecologists have advocated for 
biodiversity friendly human-dominated landscapes. While running under different names, 
various concepts (e.g. countryside biogeography (Daily, 1997), wildlife-friendly farming 
(Tscharntke et al., 2012), conservation biogeography (Whittaker et al., 2005); critically re-
viewed in Driscoll et al., 2019) advocate for a reconciliation of farming with biodiversity and 
aim to study how to do so best. Their common aim is to create knowledge on how to main-
tain or create habitat for species that can live in human-dominated landscapes and also to 
improve connectivity between high-value habitats respectively protected areas. At the same 
time, such landscapes should also provide resilient livelihoods to people (Daily, 1997). 
Tightly linked to these concepts is the land sharing vs. land sparing debate (Phalan et al., 
2011); one of the most intensive debates landscape ecologists have ever fought. Advocates 
of land sparing effectively postulate that intensive farming on little land combined with the 
sparing of high-value habitat is better for biodiversity than farming the same amount of food 
less intensively on more land in a biodiversity-friendly way (Edwards et al., 2015). Advo-
cates of land sharing, on the other hand, postulate the opposite (Fischer et al., 2011). Mod-
elling approaches typically find land-sparing to be superior to land-sharing (Edwards et al., 
2015; Finch et al., 2020), particularly in the tropics (Lee et al., 2014).  Yet land-sparing com-
monly fails as the increasing yields may not necessarily spare land for nature, but rather 
drive the expansion of profitable high yield farming (Ewers et al., 2009), threatening the 
habitat that should have been spared. Over the last years, it has, however, become clear that 
researchers may have discussed a false dichotomy: Large protected zones of primary vege-
tation as well as diverse agricultural landscapes may be necessary to sustain biodiversity 
(Grass et al., 2019; Kremen, 2015). Furthermore, various local factors should be considered 
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in policies (Baudron & Giller, 2014), among them land-use history (von Wehrden et al., 
2014) and governance (Ceddia et al., 2014). As noted by Bennett (2017), addressing an ‘ar-
tificial choice’ between one and the other is likely resulting in an ‘artificial solution’ that will 
not be to the benefit of society. 
 Box 1: My PhD journey - Interdisciplinarity and diversity 
Six boxes in the introduction and synthesis parts of this thesis give a different per-
spective on my PhD – a bit away from the science, I describe selected aspects of 
this four-year journey. 
Investigating the topic of vanilla cultivation and land-use change in north-east-
ern Madagascar from within one discipline is doomed to fail – too manifold and 
interlinked are the challenges and possible approaches to improve the situation 
locally. A broader perspective is hence needed. Within the Diversity Turn in Land 
Use Science project, we worked together in an international interdisciplinary 
team ranging from Ecology over Agricultural Economics to Sociology – thus in-
corporating many disciplines. This enabled me to collaborate, learn and work 
with a group of thirteen PhD students, two Postdocs and various MSc students. 
As one might imagine, the large team and interdisciplinary approach offered 
opportunities and challenges alike. The largest opportunity to me was to learn 
from each other. I recall my colleague Viviana who now uses ‘ecologists vocab-
ulary’ as an economist, and us ecologists learning about choice experiments and 
behavioural economics. This led to a broader understanding of the vanilla value 
chain and the land-use dynamics in the study region. 
It did, however, also lead to challenges. Sometimes the way different disciplines 
‘work’ led to discussions and conflicts about how to approach our research, a 
phenomenon that is not uncommon in interdisciplinary team (Kluger & Bartzke, 
2020). Discussions emerged, for example, about the selection of study villages 
or the compensation (respectively the lack thereof) of study participants. Over 
time we grew together as a team and managed to find solutions to almost all of 
these problems, but the process also showed how difficult this can be. 
The interdisciplinary approach was further amended and facilitated by the 
large diversity of backgrounds we were from. Nonetheless, the different 
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working conditions we did find ourselves in caused some challenges and ine-
qualities: the salaries paid to those employed by the University of Goettingen 
included social benefits and security, while the working agreement with the 
Malagasy colleagues was informal and only included a basic salary. The differ-
ent working conditions also meant that we lived on very different budgets dur-
ing fieldwork, making it sometimes difficult to find compromises that worked 
for everyone. Overall, the diversity of backgrounds did, however, contribute to 
the success of the project. Everyone had strengths and weaknesses in different 
areas, leading to a team which grew together by helping each other out.
To put it short, the interdisciplinarity and diversity of our team led to a success-
ful completion of the project and was a pre-requisite for the transdisciplinary 
approach we took (see Box 2).
1.2 Trade-offs between biodiversity, ecosystem services, and yields in 
tropical smallholder agriculture, with a focus on agroforests 
1.2.1 Importance of tropical smallholder agriculture 
Smallholder agriculture produces 70% of food calories in the developing world, despite only 
accounting for 30% of agricultural land (Samberg et al., 2016). The dependence on small-
holders to produce key internationally traded commodities is also high: 80% of coffee 
(Fairtrade International, 2020) and cacao (Duguma et al., 2001) are produced by small-
holder farmers. Smallholder agriculture is, however, underrepresented in agroecological 
research: Steward et al. (2014) found in a meta-review that only 12% of studies on pollina-
tion and biological control have been conducted in smallholder agriculture. This seems par-
ticularly problematic given that smallholder farmers are more likely to be negatively im-
pacted by climate change (Cohn et al., 2017), making research into adaption strategies nec-
essary. 
Smallholder agriculture in the tropics typically results in diverse mosaic landscapes. These 
have been postulated as a way to maintain biodiversity and ecosystem functions (Frishkoff 
et al., 2019; Mendenhall et al., 2011; Ranganathan et al., 2008). Over the past twenty years, 
a considerable amount of research has gone into investigating biodiversity (reviewed in 
Perfecto & Vandermeer, 2008) and ecosystem services (reviewed in Rasmussen et al. 
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(2018) and Thorn et al. (2016)) in such landscapes.  However, the long-term stability of 
tropical mosaic landscapes has been questioned because inherent intensification incentives 
may drive land-use change and land-use intensification (Tscharntke et al., 2012). Addition-
ally, questions of extinction debts (Kuussaari et al., 2009) in ‘young’ tropical landscapes re-
main largely unresolved (but see Hylander & Nemomissa (2017) for an exception), further 
questioning whether current day patterns of biodiversity are stable in the long run. A com-
bination of the two factors may drive the long-term decline of biodiversity in tropical agri-
cultural landscapes (Şekercioğlu et al., 2019; Socolar et al., 2019). 
1.2.2 Trade-offs between yields, ecosystem services and biodiversity in tropical ag-
riculture 
Diverse smallholder-dominated landscapes are under intensification pressure, threatening 
the provisioning of ecosystem services and habitat for biodiversity (Bommarco et al., 2013; 
Tscharntke et al., 2005). This effect is typically caused by trade-offs between yields respec-
tively profit on the one hand, and ecosystem services and biodiversity on the other. 
Such trade-offs exist between land-use types, driving land-use change towards more prof-
itable but less biodiverse and less multifunctional land-use types. For example in Sumatra, 
Indonesia, profitable oil palm plantations are replacing less profitable rubber plantations, 
at the expense of certain ecosystem services and species (Grass et al., 2020). However, 
trade-offs also exist within land-use types, driving intensification within fields (Rasmussen 
et al., 2018). For example in cacao agroforest, higher yields under low to medium shade 
typically drive a reduction in shade cover, to the detriment of ecosystem services and bio-
diversity (Jha et al., 2014). 
If aiming for a land-sharing approach, i.e. combining agricultural production with biodiver-
sity on the same land, mitigating trade-offs between yield and biodiversity is necessary to 
avoid agricultural intensification. One approach is sustainability certification, where farm-
ers receive price premium under the obligation of following rules that should benefit the 
environment (Tayleur et al., 2017; Tscharntke et al., 2014). Evidence on the success of such 
schemes is mixed: according to a global synthesis of 24 studies (DeFries et al., 2017), 34% 
of response variables showed positive outcomes, 58% showed no significant differences, 
and 8% showed negative outcomes. One main criticism of sustainability certification is that 
it may promote business-as-usual (Bose et al., 2016). This is so partly due to selection bias: 
farmers who already follow rules pre-certification have little costs in joining but will natu-
rally not change their management due to certification rules, limiting their positive impact 
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(Blackman & Rivera, 2011). Alternatively, selection bias may also stem from cooperatives 
or exporters, who can maximise their profits by certifying farmers who already have large 
produce, thereby excluding the smallest producers from benefits (Blackman & Rivera, 2011; 
Blum et al., in prep.).  
Alternatively, finding ways to farm crops without the here-discussed trade-offs – i.e. achiev-
ing high yields, high levels of ecosystem service provisioning, and high biodiversity on the 
same land – would offer opportunities for sustainable land-use without targeted incentives 
such as sustainability certification. Examples of such win-win situations are rare, but may 
be found in agroforestry systems (Clough et al., 2011). 
1.2.3 Tropical agroforestry as a chance for people and nature? 
Tropical agroforestry has been described as an opportunity for biodiversity-friendly farm-
ing (Bhagwat et al., 2008; Schroth, 2004). At the same time, agroforests may provide a bun-
dle of ecosystem services (Jose, 2009) and may also be profitable for farmers (Garrity, 
2004). 
Traditionally, ecologists have compared structurally simple with structurally diverse agro-
forests (Moguel & Toledo, 1999) and have found biodiversity and non-yield ecosystem ser-
vices to generally increase with structural complexity of the shade-tree canopy (De 
Beenhouwer et al., 2013). However, agroforests change over time: many agroforests lose 
structural complexity over time, as farmers cut shade trees to increase yields (Beer et al., 
1998; Jha et al., 2014; Tscharntke et al., 2011). Indeed, coffee (Perfecto et al., 2005) and 
cacao yields often increase when more sunlight is available (Blaser et al., 2018). On the long 
term, however, shaded agroforests may produce yields more reliably and for a longer pe-
riod of time (Clough et al., 2009). Furthermore, studies have shown, that shade-grown cof-
fee may be of higher quality (Muschler, 2001; Vaast et al., 2006), offering opportunities for 
farmers serving a premium market. 
Despite these opportunities, intensification and specifically tree-cutting incentives prevail. 
To overcome these incentives, sustainability certifications have been designed to compen-
sate farmers for lower yields and/or higher labour input in structurally complex agroforests 
(Perfecto et al., 2005; Tscharntke et al., 2014). Today, products that can be farmed in agro-
forestry systems are the agricultural commodities with the largest share of sustainability 
certification, reaching 24% for coffee, 14% for cocoa, and 12% for tea (Tayleur et al., 2017). 
Nonetheless, many agroforests are established inside forest, threatening forest-dependent 
tropical biodiversity (Ruf, 2001). Alternatively, agroforests may be established on 
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historically forested open land, offering the opportunity to restore ecosystem services and 
biodiversity (Jagoret et al., 2012). A separation of agroforests based on their land-use his-
tory has, however, rarely been considered in agroforestry research and policy, despite its 
relevance (Chapter 2). Explicitly incorporating land-use history into agroforestry research 
thus represents a major research gap, as identified in chapter 2 and ‘filled’ in chapters 3-5 
and 6-9. 
In sum, the value of tropical agroforests for biodiversity is highly context specific and likely 
changing over time, making case studies across regions and crops necessary to understand 
emerging dynamics (Miller et al., 2020). Such knowledge may enable policy interventions 
that can contribute to a more sustainable management of tropical agroforests for people 
and nature alike. 
 Box 2: My PhD journey - Transdisciplinarity  
The Diversity Turn in Land Use Science project was designed in a transdisciplinary 
way. Transdisciplinarity is defined as a critical and self-reflexive research approach 
that relates societal with scientific problems and which produces new knowledge 
by integrating different scientific and extra-scientific insights (Jahn et al., 2012). 
Putting this into practice was always a high aim and – while we tried our best – we 
did not always achieve our aims.  
We kicked off our fieldwork in 2016 with a ‘naïve’ transdisciplinary phase: we had 
not the aim to collect data but to get a first grasp of the local context by talking to 
other researchers, local NGOs, vanilla exporters, and vanilla farmers. We did so as 
an interdisciplinary team of PhD students and Postdocs. This approach worked well 
to establish a common understanding of basic social, economic and ecological dy-
namics in the region. We ecologists new about price fluctuations of vanilla, and the 
economists knew about conservation challenges in the region. 
Deriving concrete research questions from this common understanding has, how-
ever, proved more difficult. For example, one key question of farmers was ‘How can 
we stop vanilla theft?’. Given the complexity of this question and its tight links to 
national governance questions, we soon realized, that we would not be able to an-
swer the question. Similarly, farmers wanted us to investigate how they could han-
dle Fusarium-induced root and stem rot in their vanilla agroforests. A question, we 
could not address, as no one in our group was a plant pathologist. Furthermore, 
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many research questions and approaches were already pre-defined in the research 
proposal, limiting our flexibility. 
Furthermore, the transdisciplinary approach also led to continuous exchange with 
farmers and stakeholders throughout the project. At annual stakeholder meetings, 
we communicated first results and discussed them with NGO exponents, vanilla ex-
porters, and local government officials. At meetings with farmers in our focal vil-
lages, we presented the most important findings and engaged in interesting discus-
sions on vanilla farming practices with the cultivators; a process that enhanced our 
understanding of the system as well. 
In conclusion, our attempt to work truly transdisciplinary struggled because re-
search goals and research questions were limited by what was possible to achieve, 
by the expertise of PhD researchers and supervisors, and by the frame of the re-
search grant. I believe, however, that the approach still had value and strongly con-
tributed to our research questions and study design. The process also enabled us to 
embrace standards for ethical research in Madagascar (Wilmé et al., 2016). 
1.3 Natural history, land-use change, and conservation in Madagascar 
Through my PhD, I addressed research questions on drivers and impacts of land-use change 
in north-eastern Madagascar. To embed this research in the wider literature and local con-
text, I describe key aspects of the natural history, past and present land-use change and 
ongoing conservation action in Madagascar. 
1.3.1 Natural history 
Whether Madagascar can be truly described as an island remains contested as one could 
argue that Madagascar qualifies as a ‘mini continent’ (de Wit, 2003). In favour of this argu-
ment, one can list 300’000 years of isolation from Africa and Asia (de Wit, 2003), the diver-
sity of climatic zones (Donque, 1972), the variety of habitats (Du Puy & Moat, 1996) on small 
scale (Figure 1.1), and the biogeographic origin of the Malagasy flora and fauna, which is 
partly autochthone, partly roots in Africa, and partly immigrated from Asia (Wilmé et al., 
2006). 
This manifold of origins and the long isolation has led to an exceptional biodiversity in Mad-
agascar. While the total species richness lacks behind other tropical areas (Mammals, 
amphibians and birds: Grenyer et al., 2006; Plants: Kreft & Jetz, 2007), the Indian island 
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nation counts as a biodiversity hotspot (Myers et al., 2000), due to the high levels of ende-
mism and threat. Unparalleled is also the micro-endemism, i.e. the endemism within a very 
restricted area (Wilmé et al., 2006). Endemism reaches 92 - 100% for terrestrial vertebrates 
and 52% and 60%, respectively, for birds and bats (Goodman & Benstead, 2005). Inverte-
brates and plants also show high levels of endemism (Goodman & Benstead, 2005).   
 
Figure 1.1: Land cover (A) and elevation (B) in Madagascar. A: The central highland of Madagascar 
is largely deforested and covered with grassland on the hills and rice paddies in the valleys 
(McConnell et al., 2015). Towards the west, savannas, of at least partially natural origin (Bond et al., 
2008; Solofondranohatra et al., 2020; Vorontsova et al., 2016), occupy extensive areas. Western Mad-
agascar is dominated by a mosaic of deciduous dry forest, agriculture, fallow land, and wetlands 
(Scales, 2011). Southern Madagascar is home to deciduous thorny shrubland (Du Puy & Moat, 1996). 
The eastern part of the island is characterized by rainforest which is now limited to isolated blocks 
within an agricultural landscape (Vieilledent et al., 2018). The north of Madagascar is a mosaic of 
savannah, agriculture, deciduous dry forest, and rainforest (Quemere et al., 2012). These patterns 
are largely shaped by elevation (B), geology, rainfall, and hundreds of years of human influence (Du 
Puy & Moat, 1996). Source: NASA, 2004.  
1.3.2 Early human presence and influence on forests and fauna 
The first traces of humans on Madagascar date back at least 2000 years before present 
(Douglass et al., 2019), but much debate surrounds the date of earliest human arrival to the 
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island (Hansford et al., 2018). The impacts of humans on the forests and animals that occu-
pied much of the land remained, however, rather limited until circa 1300 years before pre-
sent (Burns et al., 2016). Subsequently, much of Madagascar’s megafauna was lost within 
200 years, most likely due to a combination of habitat loss and hunting (Godfrey et al., 
2019). Over much of the time to follow, Malagasy people mainly settled in the central high-
lands and along the coasts (Randrianja & Ellis, 2009). The transformation of the landscape 
in the central highlands and around coastal settlements was consequently most profound, 
while large areas of deciduous forest in the west, of spiny thicket in the south, and of humid 
rainforest on the eastern escarpment stayed intact until the late 19th century (Jarosz, 1993). 
1.3.3 Agricultural expansion under French colonial rule 
In the late 19th century, Madagascar was a nationally united kingdom under the rule of the 
central-highland Merina people (Randrianja & Ellis, 2009). French colonial power seized 
control in 1896 (Randrianja & Ellis, 2009), with the aim to exploit the resources the country 
had to offer. Thereafter, the exploitation of natural resources such as timber, gemstones, 
and minerals took its course while the production of export crops was intensified (Jarosz, 
1993). To do so, each administrative region of the country was to focus on a specific crop 
(Correll, 1953): cocoa in north-western Madagascar, coffee in the central eastern region, 
clove in the Analanjirofo region – which even bears the Malagasy word for clove, i.e. ‘jirofo’, 
in its name –  and vanilla in the north-eastern SAVA region (more on vanilla in section 1.4.2).  
This exploitation of resources and the expansion of export-oriented agriculture had pro-
found effects on the environment. The use of the most fertile land for export crops pushed 
farmers into shifting cultivation in eastern Madagascar (Jarosz, 1993), while state-orches-
trated cash crop booms drove forest loss in the west (Scales, 2011). By 1953, towards the 
end of colonial times, Madagascar’s forests only covered 27% of the country (Vieilledent et 
al., 2018). 
1.3.4 Forest loss narratives 
Triggered by the sight of forest fires, erosion gullies, and silt-rich river runoff, environmen-
talists and researchers have often described Madagascar as a textbook example for environ-
mental degradation (Bond et al., 2008; Kull, 2000). Tightly linked with this narrative is the 
notion that Madagascar was once occupied by a single contiguous forest – a myth that has 
recently been busted based on genetic data from lemurs (Quemere et al., 2012) and the nat-
ural history of Malagasy grassland (Bond et al., 2008; Solofondranohatra et al., 2020; 
Vorontsova et al., 2016). In short, deforestation and erosion are certainly a problem in 
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Madagascar, but the long-standing notion of ‘90% forest loss’ in Madagascar is certainly 
wrong (Scales, 2014b). 
1.3.5 Current day environmental threats 
Deforestation and land-use change are the most important drivers of biodiversity decline in 
Madagascar (Allnutt et al., 2008). Unlike in other tropical regions, secondary forest regen-
eration in Madagascar is extremely slow (Brown & Gurevitch, 2004), adding to the urgency 
to halt old-growth forest loss. 
Forest loss in Madagascar is mainly driven by smallholder agriculture, in line with trends 
across Africa but in contrast to other tropical regions (Curtis et al., 2018; Sy et al., 2019). In 
dry western and southern Madagascar, forest is typically burned to grow maize or peanuts 
(Vieilledent et al., 2020). After only a few years of cultivation, weed prevalence and drop-
ping soil fertility lead to dwindling yields which prompt farmers to cut additional forest 
(Gay-des-Combes et al., 2017; Raharimalala et al., 2010). In humid eastern Madagascar, hill 
rice cultivation is the main driver of forest conversion (Styger et al., 2007; Zaehringer et al., 
2015). Here, the shifting cultivation system responsible for much of the forest loss is called 
tavy (more on the system in 1.4.3).  
Beside habitat loss, climate change is also predicted to negatively affect biodiversity in Mad-
agascar, especially micro-endemic taxa (Hannah et al., 2008). However, land-use and cli-
mate change are not independent of each other but are interacting, magnifying the impact 
on flora and fauna (Morelli et al., 2020). Furthermore, climate change will also profoundly 
impact people’s livelihoods (Harvey et al., 2014), possibly resulting in adaptation and mi-
gration, which could further threaten habitats and species. 
Other key environmental threats in Madagascar are fuel wood extraction (Minten et al., 
2013), selective logging of timber and precious woods (Patel, 2007; Rakotomanana et al., 
2013), invasive species (Kull et al., 2014) and overexploitation and hunting 
(Razafimanahaka et al., 2012). 
Underlying many of these direct threats is the difficult socio-economic situation many Mal-
agasy people find themselves in. With a human development index of 0.52, Madagascar is 
on rank 162 of 189 countries evaluated (United Nations Development Programme, 2019), 
exemplifying the need to improve living conditions. Particularly in rural areas, where 63% 
of people live (Worldbank, 2020), the lack of economic alternatives often makes the exploi-
tation of natural resource the only viable livelihood option (Minten & Barrett, 2008). 
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Blaming poor smallholder farmers as the sole responsible of environmental degradation is 
thus problematic. Numerous studies (Jarosz, 1993; Kull, 2000; Scales, 2011; Vieilledent et 
al., 2020) show that state policies, international market forces and urban elites have had a 
profound impact on rural land-use change in Madagascar, often actively promoting destruc-
tive activities. Furthermore, corruption jeopardizes many efforts that aim at improving the 
living conditions of Malagasy people and conserving the country’s biodiversity (Gore et al., 
2013). To have a long-lasting impact, interventions that address the above-described envi-
ronmental threats thus need to take the socio-economic situation of people into account, 
while also tackling governance issues. 
1.3.6 Terrestrial conservation action in Madagascar 
Conservation in Madagascar has largely been reliant on a protected area approach 
(Rakotomanana et al., 2013; Waeber et al., 2020). The first protected areas were established 
in the early 20th century under French colonial rule (Waeber et al., 2020), with a steady 
increase in protected areas thereafter. Back in 2003, Madagascar’s then president Marc Rav-
alomanana pledged to triple the countries’ protected areas by 2008 (Gardner et al., 2018). 
Together with a surge of international conservation funding and a spark in eco-tourism, the 
commitment led to considerable optimism about the conservation of Madagascar’s fauna 
and flora at the time (Norris, 2006). Consequently, annual deforestation rates fell to 0.4% 
by 2005 (Vieilledent et al., 2018). However, a political coup in 2009, which washed Ravalo-
manana away from power, led to years of instability. This instability led to an increase of 
rosewood logging (Schuurman & Lowry II, 2009) and was also associated with an increase 
in deforestation (Vieilledent et al., 2018). Nowadays, much of the hope conservationists 
have expressed in the 2000s has vanished (Jones et al., 2019b; Waeber et al., 2016). 
The focus on protected areas as the main conservation approach has further downsides: 
protected areas have often been designed and delimited in a top down approach (Gardner 
et al., 2018; Kremen et al., 2008) without consulting local communities, leading to non-com-
pliance with newly established rules (Ormsby & Kaplin, 2005). More broadly speaking, costs 
of protected area establishment to people living at the forest frontier have been largely ne-
glected (Ward et al., 2018) and are not or insufficiently compensated for (Poudyal et al., 
2018; Sommerville et al., 2010). Unsurprisingly, people who depend on the forest as a future 
land resource as well as for their daily needs will feel excluded and may continue their prac-
tices despite the changed legal status of the land. 
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To overcome these challenges, a community-focused conservation approach is slowly gain-
ing ground in Madagascar (Gardner et al., 2013). Results of Reduced Emission from Defor-
estation and Degradation (REDD+) schemes and of community forest management are, 
however, mixed (Rasolofoson et al., 2015; Toillier et al., 2011). 
Today, Madagascar is at a cross road: leading experts on conservation in Madagascar have 
declared the current term of President Andry Rajoelina as ‘the last chance for Madagascar’s 
biodiversity’ (Jones et al., 2019c). To seek this chance, they suggest five ways forward: 
firstly, improving the rule of law to counteract manifold negative consequences of crime for 
people and nature (Jones et al., 2019b). Secondly, investment in Madagascar’s protected ar-
eas to warrant the safeguarding of biodiversity therein. Thirdly, ensuring that major infra-
structure developments limit impacts on biodiversity. Fourthly, strengthening tenure over 
natural resources, such as forests, for people. And lastly, addressing the mounting fuel wood 
crisis, which threatens forests across the country (Jones et al., 2019c). 
 Box 3: My PhD journey – Field work in Madagascar  
I spent roughly one fourth of my PhD time in Madagascar – overall a bit more than 
a year. The experiences I made in this country will profoundly influence me for a 
long time to come.  
I was lucky enough to spend time in Madagascar before my PhD started. Back in 
2014, I had the opportunity to attend a field course organized by the Tropical Biol-
ogy Association in Kirindy Forest, western Madagascar. During the four weeks, I not 
only learned about tropical ecology and Malagasy wildlife but also saw how field-
work in the country could be like. During the PhD two years later, I learned how-
ever, that working on a field station in a forest is very different to working in vil-
lages. 
The challenges were manifold. Travels from our base in the provincial capital, Sam-
bava, to the villages took often half a day on bumpy roads, already requiring much 
energy. On arrival, we would try to meet all involved farmers before any activity 
could start. This process, walking around in the villages and knocking on doors, was 
tedious but necessary to cultivate the relationships with all involved landowners. 
After having met everyone, we often had dinner with our host family in the village, 
before going to bed in the hosts’ home.  
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Early the next day, we would leave for the first point counts, often wading through 
muddy paths, fast flowing streams, or brown rivers, with the aim to reach our plots; 
some an hour away. This combination – maintaining relationships with landowners 
and data collection in difficult-to-access plots – would go on for the week before we 
returned to Sambava, where we unpacked our stuff, charged batteries, wrote 
emails, packed again, and, occasionally, would have time for a swim in the nearby 
Indian Ocean. 
The openness of farmers and the way we were welcomed as outsiders in the village 
was, however, remarkable. Farmers let us visit their agroforests, let us measure va-
nilla yields, and patiently answered our questions. And on departure, they would 
fill the car (or canoe!) with fresh avocado, litchi, or coconut. 
Nonetheless, maintaining such a field work pace over weeks was only possible 
thanks to my Diversity Turn colleagues from around the world. Thank you! 
1.4 Study context 
1.4.1 Natural history and conservation in north-eastern Madagascar 
North-eastern Madagascar forms part of the eastern escarpment of Madagascar which is 
biogeographically characterized by humid rainforest (Du Puy & Moat, 1996). The region is, 
even for Malagasy standards, particularly biodiverse (Brown et al., 2014; Carrasco et al., 
2020) and a global hotspot of threatened species richness (Grenyer et al., 2006). Conserva-
tionists aim to protect this outstanding biodiversity through several large protected areas 
that cover the region. These are namely Masoala National Park, Marojejy National Park, Ma-
kira Natural Park, Anjanaharibe-Sud special reserve, and the COMATSA corridor, linking the 
latter three (UNEP-WCMC and IUCN, 2020). Masoala and Marojejy National Park form fur-
thermore part of a World Heritage site (UNEP-WCMC and IUCN, 2020). Both parks’ interiors 
are also scored as forests with high ecosystem integrity (Grantham et al., 2020). Interest-
ingly, the north east has retained more forest cover than the remaining eastern escarpment 
(Vieilledent et al., 2018). However, in the north-eastern SAVA region, 52% of forest cover 
was lost between 1953 and 2014 as shown in a MSc thesis I supervised (Ferreira Arruda, 
2018). The data also shows that between 2010 and 2014 the region lost 0.95% of forest 
cover per year. Importantly, this loss is driven predominantly by smallholder shifting culti-
vation resulting in highest deforestation rates in difficult-to-access areas around remote 
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villages (Ferreira Arruda, 2018). This land-use transition has resulted in a smallholder mo-
saic landscape characterized by shifting cultivation, rice paddies, and agroforestry (Llopis 
et al., 2019).  
 
Figure 1.2: Maps of the study region from Ferreira Arruda (2018) based on data of (Vieilledent et 
al., 2018) aggregated into 600 m x 600 m grid cells. a) The island of Madagascar off East Africa. b) 
SAVA region located in north-eastern Madagascar. c) Forest cover of the SAVA region in 2014. Note 
the concentration of remaining forest inside of protected areas. d) Annual deforestation rates from 
2000 to 2014 inside each grid cell. Green grid cells were forested in 2000 and 2014 and did not ex-
perience any deforestation. Deforestations also occurred in the periphery of the protected areas. 
1.4.2 Vanilla and its importance in north-eastern Madagascar 
Vanilla planifolia is the only one of more than 20’000 species of orchids that is farmed com-
mercially for its fruits (Havkin-Frenkel & Belanger, 2018). In its native Central American 
range, the hemi-epiphytic orchid climbs up rainforest trees to flower in the canopy (Correll, 
1953). After being pollinated by solitary bees of the Eulaema genus (Lubinsky et al., 2006), 
vanilla flowers develop into a single green fruit which splits open from the bottom end to 
spread the tiny seeds roughly nine months after pollination (Van Dyk et al., 2014). Vanilla 
seeds are then dependent on mycorrhiza fungi which enable germination and growth 
(Alomia et al., 2017). 
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Looking after a plant up in the canopy would, however, be unhandy for farmers. They have 
thus come up with a way to grow long vanilla vines closer to the ground. By looping the vine 
up and down a support tree or an artificial support structure (Fouché & Jouve, 1999), vanilla 
vines can reach dozens of meters in length, without being out of reach for humans (Correll, 
1953). This farming technique facilitates care, pollination, and harvest.
A critical step in vanilla farming is hand pollination. Discovered most likely more than once 
(Arditti et al., 2009), hand pollination is necessary in the native and introduced  ranges of 
Vanilla planifolia, to achieve economically viable yields (Borbolla-Pérez et al., 2017; Correll, 
1953). The easiest way to achieve pollination is to press anthers and stigma of the same 
flower together (Arditti et al., 2009), thereby self-pollinating each flower. The resulting 
fruits are harvested green and require curing to enable storage and export. During the cur-
ing process, the green fruits are dipped in hot water and thereafter sun-dried for several 
weeks (Havkin-Frenkel & Belanger, 2018), allowing them to develop their characteristic 
black colour and the aroma they are praised for.
As vanilla naturally grows in forests, it comes as no surprise that the orchid requires a cer-
tain level of shade to thrive. Optimum shade levels for vanilla farming are largely unknown, 
but intermediate shade levels of 50-60% have been advocated (Havkin-Frenkel & Belanger, 
2018). Shade may be either provided by shade nets, that are spanned across the vanilla 
plantations (Shade-houses; Barrera-Rodríguez et al., 2009), or by combining vanilla vines 
with trees in agroforestry systems (Barrera-Rodríguez et al., 2009; Correll, 1953; Hending 
et al., 2018). Artificially-shaded and tree-shaded systems parallelly occur in many vanilla 
cultivation countries, but agroforestry systems seem overall more common (Barrera-
Rodríguez et al., 2009; Havkin-Frenkel & Belanger, 2018), SI Chapter 6).
With roughly 40% of global produce, Madagascar is the largest producer of vanilla in the 
world (FAO, 2020) and has been so since colonial times (Correll, 1953). Specifically, the 
north-eastern SAVA region has been designated as the vanilla region by French colonial 
power (Correll, 1953), and the region maintains its role as the ‘vanilla region’ to the current 
day (Hänke et al., 2018). Here, vanilla is farmed almost exclusively by smallholder farmers 
in small agroforests of typically less than one hectare and without the use of pesticides or 
fertilizers (Chapter 6). Farmers work the agroforest with family labour (Hänke et al., 2018) 
and an average rural household in the region sells around 50 kg of green vanilla per annum 
(Hänke et al., 2018). The trade is organised by a complex network of middlemen, traders, 
preparators, and exporters who trade both green and cured black vanilla (Hänke et al., 
2018; Neimark et al., 2019).
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Vanilla is also traded under sustainability standards (Brownell, 2010), which aim at making 
vanilla farming more environmentally friendly and/or at ensuring adequate prices for farm-
ers (International Trade Centre, 2019). In practice, the enforcement of sustainability stand-
ards requires vertically integrated value chains, as the convoluted non-vertically integrated 
trade with many middleman and traders makes source tracing of produce impossible (Blum 
et al., in prep.). However, farmers who have little vanilla produce do not normally get inte-
grated, excluding the most vulnerable farmers from the benefits the sustainability stand-
ards may provide (Blum et al., in prep.; Hänke et al., 2018). 
A price boom from 2012 to 2019 on the international vanilla market (Aust & Hachmann 
(Canada) Ltd, 2020; Hänke et al., 2018) has resulted in the extension of vanilla farming in 
the region (Andriatsitohaina et al., 2020; Llopis et al., 2019), raising questions on the sus-
tainability of the practice. The high prices have also benefitted smallholder farmers, who 
managed to increase their assets (Hänke et al., 2018; Osterhoudt, 2020; Zhu, 2018). On the 
downside, the high vanilla prices have led to a spark of vanilla theft (Neimark et al., 2019) 
and accompanying mob justice, killing hundreds of alleged thieves (Osterhoudt, 2020). Be-
side pivotal importance as a cash crop, vanilla also serves as a source of pride to people in 
north-eastern Madagascar (Osterhoudt, 2014). 
1.4.3 Land-use trajectories in north-eastern Madagascar. 
We identified seven prevalent land-use types in the study region. Old-growth forest are the 
last large contiguous parts of rainforest that formerly covered the study area. We decided 
to term those as old-growth forest, rather than primary forest, as some level of disturbance, 
like hunting and selective logging, occurs in parts of these forests (Patel, 2007). Forest frag-
ments lie scattered throughout the study area and have resulted from old-growth forest 
fragmentation. Forest fragments are heavily used for timber and firewood extraction and 
other natural products. Few large trees remain. Herbaceous fallows, in Malagasy called 
‘matrangy’, are part of the shifting cultivation cycle for hill rice production. Within two 
years, first woody plants emerge on herbaceous fallows and without further intervention, 
this succession on herbaceous fallows results in woody fallows, or ‘savoka’ in Malagasy. 
These are characterized by a mix of herbaceous plants, shrubs, small trees and occasionally 
bamboo. We further identified irrigated rice paddies, or ‘horoka’ in Malagasy, as an im-
portant land-use type. These are mostly situated in floodplains or along rivers. 
Vanilla agroforests are another key land-use type in the area. Importantly, vanilla agrofor-
ests differ in land-use history. They are either established on fallow land, which was used 
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for shifting hill rice cultivation. We termed those agroforests fallow-derived vanilla agrofor-
ests. The fallow-derived agroforests are established on historically forested open land and 
are thus ‘open-land-derived’ following the concept presented in Chapter 2. Alternatively, 
vanilla agroforests may be directly established inside forest fragments. We termed those 
forest-derived vanilla agroforests, following the land-use history concept presented in Chap-
ter 2. 
Six of these seven land-use types are interlinked among each other along a distinct land-use 
trajectory (Figure 1.3). The exception to this is rice paddy, which is typically established in 
wetlands and alongside rivers, thus not forming part of the main trajectory. 
 
Figure 1.3: Possible transformation pathways from old-growth forest into different land-uses in 
north-eastern Madagascar. Old-growth forest is either fragmented into forest fragments or burned 
for shifting hill rice cultivation. Hill rice fields turn into herbaceous fallows after harvest. Over rela-
tively short time, shrubs and small trees establish on herbaceous fallows resulting in woody fallows. 
Woody fallows may be burned again resulting in herbaceous fallows or, alternatively, may be con-
verted into vanilla agroforests established on fallow land, termed fallow-derived vanilla agroforests. 
However, vanilla agroforests are also established inside forest fragments, resulting in forest-derived 
vanilla agroforests. Lastly, we studied rice paddies, representing a potential alternative to shifting 
rice cultivation. 
The here-described trajectory offers an excellent framework to investigate and discuss 
land-use change in the region (Chapter 8.18). Importantly, most land in the study area can 
be attributed to one of these predominant land-use types; secondary forest, pastures, and 
non-vanilla agroforests (e.g. clove, coffee, and cacao) are rare in the study area. 
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1.4.4 Study region and study design 
The Diversity Turn in Land Use Science project chose the central part of the SAVA region for 
as the study area. The annual rainfall is 2223 mm with a mean annual temperature of 24.0 
°C (mean across 80 focal plots; data extracted from the CHELSA climatology (Karger et al., 
2017). The potential natural vegetation is tropical rainforest (Du Puy & Moat, 1996), but 
only 35% of forest cover remains (Ferreira Arruda, 2018).  
 
Figure 1.4: Study area in north-eastern Madagascar. a) The island of Madagascar off East Africa with 
the SAVA region. b) SAVA (Sambava-Antalaha-Vohémar-Andapa) region. c) Study area with forest 
cover 2017 (Vieilledent et al., 2018), roads, rivers and the three major cities Sambava, Antalaha and 
Andapa as well as the 10 study villages and Marojejy National Park where we collected data for chap-
ters 3-5, 7, and 8. 
We first selected 60 villages in a stratified-random way from an initial sample of 323 villages 
that were within 10 km of roads within the study area (see Hänke et al., 2018 for details). 
For the majority of our data collection (Chapters 3-5, 7, & 8), we chose 10 villages out of the 
60. We did so using Google Earth, via which we selected villages that did not have coconut 
plantations, that had less than 40% water (sea, lake, or river), and that had forest fragments 
and shifting cultivation within a 2 km radius buffer around the village. This produced a list 
of 17 villages. If two of those 17 villages had overlapping 2 km buffers, we selected one of 
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them randomly resulting in 14 remaining villages. We then visited those villages in random 
order to select plots. In one village, we did not find the land-use types for our study, and in 
one village people were not willing to cooperate with us. We thus visited 12 of the 14 vil-
lages and chose plots in 10 villages. We did not visit the remaining 2 of the 14 villages be-
cause we could already establish suitable plots in 10 villages, which was the targeted num-
ber of study villages a priori. See Figure 1.2 for a map of all ten villages. 
We collected data for chapters 3-5, 7, and 8, in a space-for-time design (De Palma et al., 
2018). This widespread design has the advantage to enable data collection in a compara-
tively short time window but relies on the assumption that space (i.e. different plots at the 
same time) are adequate to study changes over time (i.e. same plot after land-use transfor-
mation), an assumption that may be problematic (De Palma et al., 2018). Before-after-con-
trol-impact (BACI) designs or time series are more robust in detecting temporal changes 
(De Palma et al., 2018), but an implementation was not possible under given constraints. 
We did, nevertheless, collect data for Chapter 6 on different plots along a chronosequence, 
covering agroforests spanning from 0 to 88 years in age, elucidating some of the temporal 
dynamics we may have missed in the main study design. 
 
Figure 1.5: Semi-blocked study design with replicated land-use types across 10 villages and two old-
growth forest sites where we collected data for chapters 3-5, 7, and 8. Each square represents one 
plot, squares are arranged in 12 blocks according to the site respectively village of the plot. 
To control for spatial effects, we aimed to ‘block’ our plots by village. Specifically, we aimed 
at replicating each land-use type (except old-growth forest) in each of 10 focal villages (Fig-
ure 1.4), so that unknown village-level effect would affect all land-use types similarly 
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(Figure 1.5). Due to the unbalanced occurrence of forest-derived and fallow-derived agro-
forests, we could not fully realize this design for vanilla agroforests, which we had initially 
chosen along a canopy cover gradient (SI Chapter 3). Furthermore, old-growth forest did 
not exist in the villages, prompting us to select two sites of five plots each within Marojejy 
National Park. The design for Chapters 3-5, 7, and 8 can thus be described as a semi-blocked 
space-for-time design following De Palma et al. (2018). 
1.5 Research questions 
In this PhD thesis, I aim to address eight specific research questions: 
• What are the implications of land-use history of tropical agroforests for biodiver-
sity and ecosystem services? (Chapter 2) 
• What are the implications of land-use history of vanilla agroforests in north-east-
ern Madagascar for biodiversity? (Chapter 3-5, 7 & 8) 
• What are the drivers of vanilla yields? (Chapter 6 & 7) 
• How are shade-trees influenced by vanilla agroforest age? (Chapter 6) 
• What are the differences between the seven predominant land-use types of the 
study area in terms of biodiversity? (Chapter 3-5, & 8) 
• How can a land-use trajectory approach help to identify trade-offs and opportuni-
ties for sustainable land-use in Madagascar’s vanilla landscape? (Chapter 8) 
Those specific questions can be organised under two overarching questions: 
• How to farm vanilla in a way that benefits nature and people alike? 
• How to design policies that enable a sustainable land-use transformation in north-
eastern Madagascar? 
Consequently, I have organised the synthesis of this thesis (Chapter 10) along these over-
arching questions. 
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2.1  Abstract 
Agroforestry is widely promoted as a potential solution to address multiple UN Sustainable 
Development Goals, including zero hunger, responsible consumption and production, cli-
mate action and life on land. Nonetheless, agroforests in the tropics often result from direct 
forest conversions, displacing rapidly vanishing and highly biodiverse forests with large 
carbon stocks, causing undesirable trade-offs. Scientists thus debate whether the promo-
tion of agroforestry in tropical landscapes is a sensible policy.  So far, this debate typically 
fails to consider land-use history, that is, whether an agroforest is derived from forest or 
from open land. Indeed, 57% of papers which we systematically reviewed did not describe 
the land-use history of focal agroforestry systems. We further find that forest-derived agro-
forestry supports higher biodiversity than open-land-derived agroforestry but essentially 
represents a degradation of forest, whereas open-land-derived agroforestry rehabilitates 




promote agroforestry on suitable open land, 2) maintain tree cover in existing forest-de-
rived agroforests and 3) conserve remaining forests. Land-use history should be incorpo-
rated into land-use policy to avoid incentivizing forest degradation and to harness the po-
tential of agroforestry for ecosystem services and biodiversity. 
Key words: biodiversity, cacao, carbon stocks, coffee, ecosystem services, forest-derived 
agroforestry, land-use history, open-land-derived agroforestry, rehabilitation, restoration 
2.2 Introduction 
Agroforestry is often promoted in global initiatives as a way to simultaneously address mul-
tiple UN Sustainable Development Goals (van Noordwijk et al., 2018). Among them zero 
hunger (goal 2), responsible consumption and production (goal 12), climate action (goal 
13) and life on land (goal 15). Embedded it this context, the UN Decade on Ecosystem Res-
toration (2021-2030) emphasizes the opportunity to plant trees in agroforestry systems as 
a way to reverse land degradation and restore ecosystems, thereby contributing to climate 
change mitigation. However, the concept of agroforestry as an association of trees with 
crops or livestock on the same land (FAO, 2017) embraces a broad range of systems under 
different management schemes: many important perennial agroforestry crops, such as ca-
cao or coffee, can be farmed underneath shade trees. Such agroforests may be established 
on open land or inside forest (Moguel & Toledo, 1999), but in the latter case, they may con-
tribute to the loss of highly diverse forests (Lewis et al., 2015; Schroth, 2004). This draw-
back stimulates debate over the conservation value of tropical agroforests and whether 
their promotion is indeed a sensible policy (Philpott & Dietsch, 2003; Tejeda-Cruz et al., 
2010).  
Surprisingly, tropical agroforestry research has made few attempts to investigate how eco-
system functions and services as well as biodiversity differ among agroforests of con-
trasting land-use history, i.e. between forest- and open-land-derived agroforests. Instead, 
researchers have commonly compared structurally simple with structurally diverse agro-
forests (Moguel & Toledo, 1999) and have found biodiversity and non-yield ecosystem ser-
vices to generally increase with structural complexity (De Beenhouwer et al., 2013). 
Here, we collate published information on socio-economic implications as well as ecosys-
tem services and biodiversity in forest- and open-land-derived agroforestry and identify 
knowledge gaps. We find that forest-derived agroforests can be best described as a form of 
forest degradation while open-land-derived agroforests rehabilitate formerly forested open 
land (sensu Chazdon et al., 2016). We then argue that emphasizing land-use history in 
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tropical agroforestry research and policy may foster biodiversity conservation and contrib-
ute to the safeguarding of ecosystem functions and services in tropical landscapes.  
 
Figure 2.1: Concept of land-use history in agroforestry. a) Forest-derived agroforests are established 
by thinning the forest and replacing the understory with shade-tolerant agroforestry crops such as 
coffee, cacao, rubber, or vanilla, thereby representing a degradation of forest with overall losses of 
biodiversity and ecosystem services (except for yields). b) Open-land-derived agroforests are estab-
lished by planting agroforestry crops alongside planted or naturally regenerating shade trees on suit-
able open land. Open-land-derived agroforestry consequently has the potential to rehabilitate 
cropland, perennial monocultures, pastures, fallow or degraded land, leading to gains in biodiversity 
and ecosystem services. 
2.3 Systematic review method 
We relied upon a recently published evidence and gap map (Miller et al., 2020), which sys-
tematically assessed the available literature on impacts of agroforestry on agricultural 
productivity, ecosystem services, and human well-being. We used their data extraction rec-
ord (sup-0001) and filtered the results for the practice type ‘Trees integrated with planta-
tion crops’ and ‘Tropical’ OR ‘Multiple’ ecoregions to match the scope of our paper. We sub-
sequently excluded 23 studies that were either not in English (1 study), unavailable (2 
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studies), situated outside the tropics (5 studies), or that investigated combinations of trees 
with annual crops (15 studies). We then systematically reviewed the remaining 98 papers 
and assessed whether authors had 1) described land-use history of all agroforestry types 
studied, 2) directly compared between forest- and open-land-derived agroforests, 3) di-
rectly compared agroforests and their former land-use (forest/open land), and 4) discussed 
the topic. We provide a table with extracted data as Supporting Information (SI Chapter 2). 
2.4 The importance of land-use history in tropical agroforestry 
Relatively few crops are shade-tolerant and may be planted directly inside forests (Figure 
2.1). These crops include coffee, cacao, pepper, rubber or vanilla – all crops that can also be 
planted on open land, but that may partly require specific varieties or temporary artificial 
or natural shade. In our systematic review, 57% of studies did not describe the land-use 
history of focal agroforests and only 5% directly compared agroforests of contrasting land-
use history. Of those studies which described land-use history, 50% investigated forest-de-
rived agroforests, while 38% investigated open-land-derived agroforests and 12% com-
pared the two, emphasizing the importance of both kinds. Forest- and open-land-derived 
agroforests are commonly found alongside each other in mosaic landscapes across the trop-
ics. In Sulawesi, Indonesia, 50% of cacao plantations are forest-derived while the other half 
was established on open land (Rice & Greenberg, 2000). In north-eastern Madagascar, 70% 
of vanilla agroforests are open-land-derived, while 30% are forest-derived (Hänke et al., 
2018; more on vanilla agroforests in Box). The possibility to plant the same crops inside 
forest and on open land highlights the relevance of land-use history when studying such 
agroforestry systems. Furthermore, these crops are frequently farmed within forest land-
scapes in tropical biodiversity hotspots, accentuating the importance of biodiversity-
friendly farming practices. 
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Table 2.1: Characteristics of forest-derived and open-land-derived agroforests with a comparison between the two. Characteristics are separated into suita-
bility of land for agroforest establishment, ecosystem functions and services, and vegetation structure and biodiversity. References are reviews where available. 
If no studies were available, we formulated hypothesis that are formatted in italics. 
Characteristic Characteristics of forest-derived agro-
forests  
Characteristics of open-land-derived 
agroforests 
Comparison between forest-derived 
and open-land-derived agroforests  
References 
Suitability of land for agroforest establishment 
Land availability Forest land may be the only land available 
to farmers, particularly if their means to 
purchase land are limited. 
Open land may be the only land available 
at places without forest or where remain-
ing forests are protected or otherwise in-
accessible. 
Advantages and disadvantages of either 
type depend on local and individual con-
text. 
Meyfroidt et al., 
2014; Ruf, 2001 
Land tenure & 
rights 
Agroforest establishment inside forest 
may represent a land claim. Land rights 
determine land availability. Forests may 
be protected, preventing forest-derived 
agroforestry. 
Land must already be claimed before ag-
roforest establishment. Land tenure inse-
curity discourages agroforestry establish-
ment. 
No direct comparison available, strong 
land rights will facilitate open-land-de-
rived agroforestry whereas strict forest 
protection may hamper forest-derived ag-
roforestry. 
Meyfroidt et al., 
2014; Ruf, 2001 
Competition with 
previous land use 
Direct land-use competition limited, but 
loss of forest-generated ecosystem func-
tions and services. 
Competition with services and yields de-
rived from cropland, perennial monocul-
ture, pasture or fallow. Less problematic 
on degraded land. 
No direct comparison available, trade-offs 
exist for both types. Advantages and disad-
vantages depend on local context. 
Meyfroidt et al., 2014 
Production costs NA NA Production costs are higher in open-land-
derived agroforestry compared to forest-
derived agroforestry. 
Ruf, 2001 











Nutrient acquisition incl. N fixation 
through forest remnant or planted (leg-
ume) trees; litter fall maintains soil fertil-
ity. 
Nutrient acquisition incl. N fixation 
through planted (legume) trees; particu-
larly useful if resource needs of chosen 
trees and agroforestry crop are 
No direct comparison available, possibly 
higher soil fertility in forest-derived agro-
forestry but potential for carry-over effects 
Cannell et al., 1996; 
Tscharntke et al., 
2011 
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complementary. May also depend on for-
mer use of open land. 
from previous land-use in open-land-de-




Integrity of water cycle with high evapo-
transpiration and low surface run-off may 
be retained. 
Improved integrity of the water cycle 
with enhanced evapotranspiration and 
reduced surface run-off. 
No direct comparison available, possibly 
higher integrity of water cycle in forest-de-
rived agroforestry. 
Abdulai et al., 2018; 
Blaser et al., 2018; 












Above-ground carbon stocks are lower 
than in forests. Within forest-derived ag-
roforests, biomass is often times reduced 
over time as trees are cut. Soil organic car-
bon can be maintained if trees are kept. 
Above-ground carbon stocks are initially 
low, but can be elevated to medium levels 
with time. Soil organic carbon is initially 
low but may rebound over time. 
No direct comparison available, open-
land-derived agroforestry typically have 
lower carbon stocks compared to forest-
derived agroforestry. 
De Beenhouwer et 
al., 2016; Hombe-
gowda et al., 2016; 





Possibly dependent on tree cover; studies 
report mixed results about the direction 
of the effect for cacao. 
Possibly dependent on tree cover; given 
that trees are often actively planted, tree 
species adapted to climate change could be 
chosen. 
No direct comparison available, more ac-
tive choice of tree species in open-land-de-
rived agroforests could be an opportunity 
for climate change adaptation. 
Abdulai et al., 2018; 
Blaser et al., 2018; 




Little change compared to forest if trees 
are maintained. 
Improvement over open land. No direct comparison available, possibly 
better in forest-derived agroforests which 
have not experienced clear cuts or fire. 
Labrière et al., 2015 
Biological 
control 
Pest control services and disease preva-
lence (in coffee and cacao) both increase 
with tree cover, leading to potential 
trade-offs between the two. 
Pest control services and disease preva-
lence may increase with tree cover recov-
ery. 
No direct comparison available, pests and 
disease may differentially affect forest- and 
open-land-derived agroforests. 
Blaser et al., 2018; 












Yield gains in coffee and cacao are com-
mon when shade tree cover is reduced 
from high to medium shade, but long-
term yields may suffer under low shade 
conditions. 
Possible yield reduction in coffee and cacao 
agroforests where shade tree regeneration 
leads to higher canopy cover. 
No difference in cacao yield between for-
est- and open-land-derived agroforestry 
(but only one study available). 
Clough et al., 2009; 
Nijmeijer et al., 2019 
Secondary 
crop yield 
Products may be harvested if useful 
plants and trees are kept, promoted or 
planted. Trees can be cut and used. 
Useful plants/trees can be planted during 
agroforest establishment but might take 
No direct comparison available, the more 
active choice of tree species in open-land-





time until first harvest; dependent on 
product. 
derived agroforestry predicts higher sec-
ondary crop yields in such systems. 
Vegetation structure and biodiversity 
Tree cover & 
structure 
Initially high tree cover and structure may 
be reduced with time if trees are ex-
tracted. 
Initially low tree cover and structure, may 
be elevated to medium levels with time 
through tree growth. 
Typically lower tree cover and simplified 
structure in open-land-derived agrofor-
estry than in forest-derived agroforestry 
(See also Box). 
Nijmeijer et al., 2019; 
Ruf, 2001; 
Tscharntke et al., 
2011 
Tree diversity Selective cutting of trees reduces diver-
sity compared to forest. More useful trees 
(see above) are more likely to be kept. 
Diversity is highly managed as trees are 
planted or selected by farmers. Species 
are typically chosen based on their useful-
ness, suitability and availability. 
Normally lower in open-land-derived ag-
roforestry than in forest-derived agrofor-
estry. 
Nijmeijer et al., 2019; 
Tscharntke et al., 
2011; Valencia et al., 
2016 
Biodiversity Generally lower than in forest. May be 
taxon-specific and/or on the level of spe-
cies composition rather than species rich-
ness. Effects will be strongest for forest-
dependent species. 
Generally higher than in open land. Ef-
fects may be taxon specific and/or on the 
level of species composition rather than 
species richness. Open-land species may 
decrease following agroforest establish-
ment. 
Overall lower in open-land-derived agro-
forestry than in forest-derived agrofor-
ests, but open-land and generalist species 
may be more common in open-land-de-
rived agroforests. 
De Beenhouwer et 
al., 2013; Hoehn et 
al., 2010; Perfecto et 
al., 1996; Philpott et 
al., 2008 
Legacy effects Extinction debts are likely to exist, sug-
gesting a loss in species over time even 
under stable tree cover. 
Immigration credit is likely to exist, sug-
gesting a gain in species over time under 
stable management regime. 
No direct comparison available, realizing 
legacy effects would lead to reduced differ-
ences between forest- and open-land-de-
rived agroforests in terms of biodiversity. 
Hylander and Ne-
momissa, 2017; Jack-
son and Sax, 2010; 




2.5 Suitability of open vs. forest land for agroforest establishment 
Land accessibility and availability influence whether agroforests are established inside for-
ests or on open land (Meyfroidt et al., 2014, Table 2.1). Establishing forest-derived agrofor-
ests is only possible where forests are available, typically at deforestation frontiers or 
where forest fragments are scattered in a landscape. As forests are vanishing across the 
tropics (Lewis et al., 2015), many farmers live far away from available forests, making open-
land-derived agroforestry the only option. 
Other factors are also shaping agroforestry expansion (Table 2.1). For example, planting 
crops inside forest may represent a form of land claim (Meyfroidt et al., 2014), incentivizing 
forest-derived agroforestry. On open-land, land tenure must already be secured, given the 
significant investments needed to establish an agroforest (Ruf, 2001). Opportunity costs 
may apply in either case: for forests, those are likely limited to the loss of forest-specific 
ecosystem functions and services, while on open land, the costs for losing perennial mono-
cultures, arable crop land or pastures will be considerable. Fallows may offer an oppor-
tunity for open-land-derived agroforestry, given their abundance in many tropical regions 
(Chazdon et al., 2009). Degraded land, typically of low value to people and nature (Lamb et 
al., 2005), could also be suitable for open-land-derived agroforestry, but only if costs, for 
example associated with management of invasive species or erosion control, are managea-
ble. The price tag might also be a more general disadvantage of open-land-derived agrofor-
estry; cacao production costs are for instance 30 - 50% higher in open-land-derived agro-
forests compared to forest-derived agroforests due to costs for fertilizers and maintenance 
(Ruf, 2001). Additionally, planting trees on open-land may be expensive (Ruf, 2001), while 
making space for forest-derived agroforestry may be attractive in itself if felled forest trees 
can be used or sold (Tscharntke et al., 2011). 
2.6 Land-use history affects ecosystem functions and services 
Establishing an agroforest on open land that was formerly forested can be regarded as a 
form of rehabilitation (Chazdon et al., 2016), leading to an overall increase of tree cover and 
associated ecosystem functions and services (Table 2.1). Tropical open-land-derived agro-
forests thus have a large carbon sequestration potential (Hombegowda et al., 2016; Nair et 
al., 2009; Nijmeijer et al., 2019). Forest-derived agroforests, on the other hand, typically 
store less carbon than forests (De Beenhouwer et al., 2016; Nair et al., 2009). For example, 
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forest-derived coffee agroforests in Ethiopia lose 47% of their carbon stocks along an inten-
sification gradient compared to forests (De Beenhouwer et al., 2016). For tree basal area, 
we find the same pattern in vanilla agroforests, where open-land-derived agroforests have 
three times more basal area than open fallow land. Forest-derived vanilla agroforests, on 
the other hand, have 59% less basal area than forest (Box). 
Whether forest- and open-land-derived agroforestry differ in yields remains poorly under-
stood. A single study in cacao shows no differences (Nijmeijer et al., 2019), but research has 
mainly focused on how tree cover is correlated with yields. In coffee, yields are typically 
higher under low- or medium-shade conditions (Perfecto et al., 1996). In cacao, yields gen-
erally increase when shade is reduced (Blaser et al., 2018), but low-shade systems may fail 
to maintain yields in the long run (Clough et al., 2009). Yields may also be influenced by pest 
control services in agroforestry systems, but whether land-use history per se influences pest 
control is unknown. Similarly, it remains unclear whether land-use history affects how ag-
roforests cope with elevated temperatures and droughts. Elucidating the interplay between 
land-use history, tree cover, pest control and yields under climate change will thus help to 
improve agroforest management to the benefit of farmers as well as ecosystem services and 
biodiversity. 
 
BOX: The case of vanilla agroforestry in Madagascar 
Vanilla agroforests along with hill- and paddy rice, fallows and forest fragments form 
a mosaic landscape in north-eastern Madagascar which arose through rainforest 
conversion. High vanilla prices have led to an expansion of vanilla agroforestry at 
the cost of both forest and open land. Forest-derived vanilla agroforests, which make 
up around 30% of all vanilla agroforest (Hänke et al., 2018), are established by un-
derstory clearance and tree thinning. This conversion maintains some tree cover but 
basal area in forest-derived vanilla agroforests is less than half compared to forest 
(Figure 2.2). In contrast, 70% of vanilla agroforests originate from abundant open 
land that lays fallow as part of the slash-and-burn hill rice cultivation cycle (Hänke 
et al., 2018). The cessation of fire, that comes with the establishment of permanent 
open-land-derived vanilla agroforests, enables tree recovery, resulting in a threefold 
higher basal area compared to open land (Figure 2.2). When compared directly, for-
est-derived vanilla agroforests have almost twice the basal area of open-land-
 
 46 
derived vanilla agroforests. This highlights the role of agroforests of contrasting 
land-use history for maintaining trees and their associated functions and services. 
 
Figure 2.2: Basal area [m²/ha] in 40 circular study plots of 1963.5 m². Measurements in-
clude all living trees, palms and herbs with a diameter at breast height ≥ 8 cm. a) Basal area 
in forest-derived vanilla agroforests is 59% lower than in forests (p < 0.001). b) Basal area 
in open-land-derived vanilla agroforests is three times higher than in open lands (238% in-
crease; p = 0.011). Open-land-derived vanilla agroforests have 45% less (p = 0.009) basal 
area than forest-derived vanilla agroforests. Test results are based on Wilcoxon signed-rank 
tests. 
2.7 Land-use history shapes vegetation structure and biodiversity  
Planting crops inside forest and the accompanying simplification of vegetation structure 
leads to a loss of biodiversity (De Beenhouwer et al., 2013; Tscharntke et al., 2011). While 
immigrating generalist or open-land specialist species may compensate for some of the 
losses in species richness, forest specialists (De Beenhouwer et al., 2013; Perfecto et al., 
1996) and threatened species (Schroth, 2004) are particularly affected. This species turno-
ver exacerbates conservation concerns of forest-derived agroforestry. Nevertheless, forest-
derived agroforests surpass alternative forms of forest conversion, such as slash-and-burn 
practices (Perfecto et al., 1996; Schroth, 2004). Planting agroforests on open land should, in 
contrast, enhance structural complexity and increase resource diversity, thereby bolstering 
biodiversity of forest-associated taxa (Figure 2.1). However, few studies compare open-
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land-derived agroforests with their respective baselines (Rice and Greenberg, 2000). This 
is also reflected in our systematic review, where only two studies compared biodiversity of 
open-land-derived agroforestry with open land while 14 studies compared forest-derived 
agroforestry with forest (see also Table 2.1 and SI Chapter 2). Direct comparisons between 
forest-derived and open-land-derived agroforests are scarce, but published studies show a 
more forest-like species composition (Hoehn et al., 2010; Valencia et al., 2016), fewer inva-
sive species (Bos et al., 2008), and higher species diversity (Nijmeijer et al., 2019; Siebert, 
2002) in forest-derived agroforests. 
However, the differences between agroforests of contrasting land-use history might dimin-
ish over time. Oftentimes, forest-derived agroforests lose tree cover due to logging of exist-
ing trees, natural mortality and limited recruitment (De Beenhouwer et al., 2016; Shumi et 
al., 2018; Valencia et al., 2016), typically resulting in a reduction of biodiversity (Philpott et 
al., 2008; Tscharntke et al., 2011). Contrastingly, open-land-derived agroforests gain tree 
cover over time and could thereby enter into a positive biodiversity trajectory (Perfecto et 
al., 1996). In this context, contrasting trajectories in forest- and open-land-derived cacao 
agroforests in Cameroon have equalized tree diversity after ~25 years (Nijmeijer et al., 
2019). 
Furthermore, legacy effects could reduce the gap in biodiversity between forest- and open-
land-derived agroforests over time. Extinction debts suggest a continuing loss of biodiver-
sity as populations that are not viable under new conditions go extinct (Jackson & Sax, 
2010).  
Evidence for extinction debts comes from forest-derived agroforests in Ethiopia, where ep-
iphytes are less likely to occur in long-converted agroforests further away from the historic 
forest edge (Hylander & Nemomissa, 2017). Conversely, open-land-derived agroforests 
may enjoy an immigration credit (Jackson & Sax, 2010; Shumi et al., 2018), implying that 
species have not yet immigrated into newly established agroforests, despite suitable habi-
tat. ‘Paying out’ extinction debts and immigration credits would thus reduce differences in 
species richness between forest- and open-land-derived agroforests. 
2.8 Discussion 
Agroforestry is often seen as an economically viable land-use option that benefits people 
and nature alike (Schroth, 2004), thereby contributing to reaching the UN Sustainable De-
velopment Goals. To what extent will depend on whether an agroforest is established on 
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open land or at the cost of biodiverse tropical forest. Nonetheless, forest-derived agrofor-
estry represents a limited loss of ecosystem functions and biodiversity compared to more 
destructive conversion methods such as slash-and-burn or a combination of intensive log-
ging and grazing (Figure 2.3). Conversely, agroforestry on formerly forested open land will 
typically have a positive effect on ecosystem services and biodiversity: the land gains verti-
cal habitat complexity through the restoration of shade trees and crops on open land, which 
in turn increases biodiversity and ecosystem functions and services. In short, open-land-
derived agroforestry will often perform worse than forest-derived agroforestry in absolute 
terms but forest-derived agroforestry degrades forest whereas open-land-derived agrofor-
estry rehabilitates open land that was once forested (BOX: The case of vanilla agroforestry 
in Madagascar, Figure 2.3).  
 
Figure 2.3: Conceptual framework of land-use history for tropical agroforests including possible 
transformation pathways. Forest-derived agroforestry represents a decline of biodiversity, ecosys-
tem functions and services compared to forest (except crop yields). Conversely, open-land-derived 
agroforestry represents an improvement over previous land use. In direct comparison, forest-de-
rived agroforestry outperforms open-land-derived agroforestry if tree cover is maintained. Im-
portantly, the framework only applies to formerly forested land in the tropics and is not applicable 
to naturally open land, such as savannahs. Note that both axes are not absolute, i.e. processes may 
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happen faster or slower (x-axis) and losses and gains could be stronger or weaker (y-axis), depending 
on environmental and socio-economic context. 
2.8.1 Incentivizing positive land-use trajectories 
Maintaining tree cover in forest-derived agroforestry (Figure 2.3) might be associated with 
lower yields (Blaser et al., 2018; Perfecto et al., 1996) and establishing open-land-derived 
agroforests instead of forest-derived ones might come at extra direct costs (Ruf, 2001; 
Tscharntke et al., 2011). Incentives such as sustainability certification schemes could, how-
ever, make both economically viable (Philpott & Dietsch, 2003; Tscharntke et al., 2014). 
Analogously, farmers could profit from payments for ecosystem services aimed at carbon 
sequestration in their open-land-derived agroforests (Salzman et al., 2018). Interestingly, 
many sustainability standards prohibit ‘forest conversion into production land’ (e.g. Rain-
forest Alliance, Organic, Fair Trade (International Trade Centre, 2019)), effectively exclud-
ing forest-derived agroforests. But in practice, many certified agroforests are forest-derived 
(e.g. vanilla: Hänke et al., 2018; coffee: Philpott and Dietsch, 2003). This is not per se prob-
lematic if sustainability certification ensures that ecosystem functions and services as well 
as biodiversity are maintained in long-established agroforests (Tscharntke et al., 2014). To 
avoid incentivizing forest degradation, the certification of recently converted forest-derived 
agroforests should nonetheless be avoided. On the other hand, open-land-derived agrofor-
ests might struggle to meet certification criteria, despite the improvement over previous 
land use. For instance, Rainforest Alliance requires ‘diverse native shade canopies for 
shade-tolerant crops’ (International Trade Centre, 2019) – a criterion that will typically be 
harder to meet in open-land-derived agroforestry (Rice & Greenberg, 2000). In this case, 
rules could be adapted so that open-land-derived agroforests with a lower proportion of 
native trees still qualify for sustainability standards. In sum, sustainability standards and 
payments for ecosystem services should be sensitive to land-use history in order to avoid 
adverse outcomes. 
2.8.2 Key research questions on land-use history of tropical agroforests 
First, we encourage studies that investigate the time scale of described processes. In forest-
derived agroforestry, we hypothesize a rapid loss of biodiversity and ecosystem functions 
and services during the initial transformation from forest and a somewhat slower decline 
thereafter. In open-land-derived agroforestry, recovery time will again depend on the focal 
variable, but may be only a few years for certain ecosystem functions (Nijmeijer et al., 2019). 
In this context, time series will be particularly interesting. Second, research quantifying the 
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extent of biodiversity and ecosystem functioning gain and loss during transformation is 
equally important. Third, elucidating how forest- and open-land-derived agroforestry could 
be utilized to restore land-sharing/sparing connectivity landscapes would be highly inter-
esting (Grass et al., 2019). For example, one could imagine landscapes with forest-derived 
agroforests as buffers around protected areas and corridors of open-land-derived agrofor-
estry connecting forest fragments – thereby reaping the advantages of both types. 
2.8.3 Policy implications 
Agroforestry is widely promoted to address multiple UN Sustainable Development Goals, 
but policy often does not distinguish between forest- and open-land-derived agroforests. 
Here, we find that ecosystem functions and services as well as biodiversity are strongly in-
fluenced by land-use history in agroforests; suggesting a high relevance of land-use history 
for policy. Policies aiming to conserve biodiversity and ecosystem services should 1) prior-
itize forest protection over forest-derived agroforestry, 2) promote forest-derived agrofor-
estry as an alternative to deforestation, 3) incentivise tree cover maintenance in existing 
forest-derived agroforests, 4) encourage open-land-derived agroforestry on suitable open 
land, particularly on fallow and degraded land, and 5) stimulate applied research on land-
use history. 
Our framework is relevant to numerous policy tools. Those include payments for ecosystem 
services and sustainability certification, but can be extended to agricultural subsidy 
schemes, zero-deforestation commitments and governmental land-use policy, among oth-
ers. Notably, all approaches will need to be highly adapted to local context as environmental 
and socio-economic factors influence whether and where the promotion of forest- respec-
tively open-land-derived agroforestry is a sensible policy. 
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3.1  Abstract 
Land-use change is the most important driver of biodiversity loss worldwide and particu-
larly so in the tropics, where natural habitats are transformed into large-scale monocultures 
or heterogeneous landscape mosaics of largely unknown conservation value. Using birds as 
an indicator taxon, we evaluated the conservation value of a landscape mosaic in north-
eastern Madagascar, a biodiversity hotspot and the center of global vanilla production. We 
assessed bird species richness and composition by conducting point counts across seven 
prevalent land-use types (forest- and fallow-derived vanilla agroforests, woody and herba-
ceous fallow that are part of a shifting cultivation system, rice paddy, forest fragment and 
contiguous old-growth forest). We find that old-growth forest had the highest species rich-
ness, driven by a high share of endemics. Species richness and community composition in 
forest-derived vanilla agroforest was similar to forest fragment, whereas fallow-derived va-




fallow and rice paddy had fewest species. Across forest fragment, vanilla agroforests and 
woody fallow, endemic bird species richness was positively correlated to landscape-scale 
forest cover. We conclude that both fallow- and forest-derived vanilla agroforests play an 
important but contrasting role for bird conservation: fallow-derived agroforests are less 
valuable but take fallow land out of the shifting cultivation cycle, possibly preventing fur-
ther degradation. Conversely, forest-derived agroforests contribute to forest degradation 
but may avoid total loss of tree cover from forest fragments. Considering the land-use his-
tory of agroforests may thus be a promising avenue for future research beyond the case of 
vanilla. 
Keywords: agroecology, agroforestry, biodiversity, land-use history, land-use change, orni-
thology, shifting cultivation, SAVA region 
3.2 Introduction 
While intact forests within protected areas are indispensable to protect biodiversity 
(Gibson et al., 2011; Gray et al., 2016), heterogeneous landscapes with a mosaic of small-
scale agriculture, agroforestry and forest remnants also have the potential to sustain high 
levels of biodiversity in the tropics (Bhagwat et al., 2008; Melo et al., 2013; Schroth, 2004). 
Similarly, such landscapes can provide ecosystem services that offer resilient livelihood op-
tions for rural people (Gordon et al., 2007). However, optimizing landscapes for the benefit 
of biodiversity and humans alike remains a major challenge; partly so due to a strong con-
text dependency caused by dissimilar abiotic, biological and socio-economic conditions in 
different parts of the world (Frishkoff et al., 2019). 
In Madagascar, high levels of endemism (Goodman & Benstead, 2005) coincide with high 
rates of habitat loss (Rakotomanana et al., 2013), making the island one of the hottest bio-
diversity hotspots (Myers et al., 2000). Over the past 50 years, Madagascar lost approxi-
mately half of its forest cover (Vieilledent et al., 2018), illustrating the need for forest preser-
vation while highlighting the potentially increasing role of the resulting human-dominated 
landscape for conservation. However, the distribution of species in agricultural landscapes 
of Madagascar has rarely been assessed (exceptions are Martin et al., 2012, Ndriantsoa et 
al., 2017 and Rocha et al., 2015), as most research focuses on forested protected areas 
(Irwin et al., 2010). In our study region in north-eastern Madagascar, ongoing land-use 
change has resulted in a small-scale landscape mosaic encompassing agroforests, shifting 
cultivation, forest fragments and rice paddies, resembling landscapes found throughout 
eastern Madagascar (Zaehringer et al., 2017). At the national scale, north-eastern 
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Madagascar holds the highest percentage of forest cover (Vieilledent et al., 2018) and counts 
among the most biodiverse regions of the country (Brown et al., 2016), emphasizing the 
need for a sustainable land-use transformation.  
Concurrently, north-eastern Madagascar is the global center of vanilla production, where 
smallholders produce roughly 40% of the world’s vanilla in agroforestry systems (FAO, 
2020), making vanilla the country’s top export commodity (Comtrade, 2017). The current 
expansion of vanilla agroforests, which is instigated by record-high prices (Hänke et al., 
2018; Llopis et al., 2019), raises questions on the impacts of vanilla cultivation on biodiver-
sity. Indeed, very little is known about the factors influencing biodiversity in vanilla agro-
forests and how they could be managed in a biodiversity-friendly way; contra to other ag-
roforestry commodities like coffee or cacao (Schroth, 2004; Tscharntke et al., 2011). Fur-
thermore, important linkages between vanilla cash-cropping and alternative forms of land 
use, such as the land-intensive and potentially unsustainable shifting cultivation (locally re-
ferred to as tavy, Styger et al., 2007), remain largely unstudied (Llopis et al., 2019). 
Malagasy vanilla agroforests are strikingly heterogeneous due to differences in land-use 
history. In north-eastern Madagascar, around 30% of agroforests are directly derived from 
forest (Hänke et al., 2018) by thinning of trees, cleaning of the understory and planting va-
nilla under remaining trees (Martin et al., 2020b). Roughly 70% of agroforests originate 
from fallow land (Hänke et al., 2018) that had once burned within the shifting cultivation 
cycle for hill rice cultivation (Styger et al., 2007). The transformation of these frequently 
burned plots into agroforestry systems and the cessation of fires allows the regeneration of 
trees. Interestingly, land-use history is largely neglected in the literature on biodiversity 
and ecosystem services in tropical agroforestry systems (Martin et al., 2020b). Given the 
rapid expansion of vanilla agroforests in north-eastern Madagascar in recent years (Llopis 
et al., 2019), further insights are needed to elucidate the conservation potential of vanilla 
agroforests in this biodiversity hotspot. 
Here, we use birds as a model group to study the conservation value of vanilla agroforests 
and other prevalent land-use types in north-eastern Madagascar, as well as old-growth for-
ests as a baseline. We compare bird species richness, composition and endemism between 
land-use types and focus on vanilla agroforests of different land-use history. We also focus 
on endemism, because endemic species are emblematic of Malagasy biodiversity (Goodman 
& Benstead, 2005) and because endemic species have been shown to be more susceptible 
to land-use change (de Lima et al., 2013; Fordham & Brook, 2010) and may thus serve as a 
proxy for conservation value (Waltert et al., 2011). We firstly investigate how total and 
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endemic bird species richness differs among land-use types. Secondly, we study how and 
why bird communities differ in species composition across land uses. Thirdly, we use this 
knowledge to derive management advice for vanilla agroforests that might optimize their 
value for bird conservation. Ultimately, we show that the differentiation of agroforests 
based on land-use history is a meaningful approach with applications beyond the case of 
vanilla. 
3.3 Methods 
3.3.1 Study region and study design 
We conducted our study in the SAVA region in north-eastern Madagascar (Figure 3.1). The 
annual rainfall is 2223 mm with a mean annual temperature of 24.0 °C (mean across 80 
plots; data extracted from the CHELSA climatology (Karger et al., 2017). The potential nat-
ural vegetation is tropical rainforest, but only 35% of forest cover remains (Ferreira Arruda, 
2018). 
We collected data in 10 villages covering all prevalent land-use types as well as old-growth 
forest. In each village, we selected one rice paddy, one herbaceous fallow, one woody fallow 
and one forest fragment plus three vanilla agroforests summing up to 70 plots within 10 
villages. Not in all villages were fallow- and forest-derived vanilla agroforests available, 
leading to an unbalanced design for vanilla agroforests (Figure 3.1). Additionally, we stud-
ied 10 old-growth forest plots at two sites inside Marojejy National Park, the only place with 
contiguous low-altitude old-growth forest persisting in our study area. We chose the two 
old-growth forest sites within the same park as a compromise between low-altitude, maxi-
mum distance between the two sites and accessibility. See SI Chapter 3 for choice of villages 
and old-growth forest sites. 
3.3.2 Sampled land-use types 
One of the old-growth forest sites had experienced selective logging in the past but is now 
well protected while the other site is still subjected to selective logging (personal commu-
nication Jean-Chrysostome Bevao; see SI Chapter 3 for details on old-growth forest). Forest 
fragments lie scattered throughout the study region. All 10 fragments were unburned but 
used for extraction of timber, firewood and other natural products with few large trees re-
maining.  
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Herbaceous fallows (Malagasy: matrangy) are part of the shifting cultivation cycle for hill 
rice production (tavy). All 10 herbaceous fallows have been burned repeatedly and last 
burned at the end of 2016, about one year before the first data collection in 2017, followed 
by hill rice cultivation. Thereafter, the land was left fallow until the end of data collection in 
December 2018. By late 2018, first woody plants had emerged on certain herbaceous fal-
lows. Without further intervention, this succession on herbaceous fallows results in woody 
fallows (savoka), which are characterized by a mix of herbaceous plants, shrubs, small trees 
and occasionally bamboo. The 10 woody fallows chosen for our study had last burned 4 - 
16 years prior to data collection. Lastly, we studied 10 irrigated rice paddies (horoka), 
mostly situated in floodplains. See Figure 3.1 for a schematic overview. 
 
Figure 3.1: Study design overview. a) The island of Madagascar off East Africa with the SAVA region. 
b) SAVA region c) Study area with forest cover 2017 (Vieilledent et al., 2018), roads, rivers and the 
three major cities Sambava, Antalaha and Andapa as well as the 10 study villages, Marojejy National 
Park and the two sampling sites therein. d) A schematic overview of the study area, depicting which 
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land-use types were sampled in each of the 10 villages and the two sampling sites inside Marojejy 
National Park. e) Possible transformation pathways from old-growth forest into different land-use 
types that we assessed in this study. Rice paddies are usually established on floodplains and are thus 
not part of the displayed transformation pathways. 
Vanilla planifolia is a climbing orchid native to Mexico, which is locally farmed in agrofor-
estry systems using small trees as a support, while a variety of taller trees form the canopy 
above (Havkin-Frenkel & Belanger, 2018). We selected 20 vanilla agroforests that were es-
tablished on fallow land, formerly part of the shifting cultivation cycle (‘Fallow-derived va-
nilla’). Those agroforests are established on formerly forested open land and are thus ‘open-
land-derived’ following the concept of Martin et al. (2020b). We selected 10 additional va-
nilla agroforests which were directly established inside forest fragments and thus ‘forest-
derived’ (Martin et al., 2020b). See Supporting Information for details.
3.3.3 Plot design
We collected all data within circular 25 m radius plots. Adjacent land is often used differ-
ently, which is reflected in the small mean sizes of each land unit in which we established 
the plots (SI Chapter 3, Table 12.1). The mean minimum distance from one plot to the clos-
est neighboring plot was 719 m (SD ± 438 m) with a minimum of 260 m. Plot elevation 
spanned from 7 to 819 m.a.s.l. (mean = 192 m, SD ± 207 m).
3.3.4 Point counts
On all 80 plots, two observers jointly conducted two 40 minutes fixed-radius point counts 
(Bibby et al., 2000) before 8:15 AM during the breeding season (late August-December). We 
thus sampled all plots with the same effort of 80 minutes. We completed the first round of 
point counts on all plots, except in old-growth forest, in 2017 and the second round in 2018, 
reversing the order between years. We sampled in old-growth forest in 2018 only but 
waited 11 weeks between point counts on the same plot. Point-count times and observers 
are listed in SI Chapter 3 Table 12.2. Lesser Vasa Parrot (Coracopsis nigra) and Greater Vasa 
Parrot (C. vasa) were difficult to distinguish in the field (Hawkins et al., 2015) and conse-
quently counted as one species. We excluded all species only seen in flight and outside the 
plot and worked with presence / absence data only for further analysis. See SI Chapter 3 for 
details.
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3.3.5 Basal area, canopy closure and landscape-scale forest cover data 
Within each plot, we measured the diameter at breast height (dbh) of all living trees, palms 
and herbs with a dbh ≥ 8 cm following (Condit, 2008). We then calculated the basal area per 
tree and summed up basal area of all trees per plot. From the tree dataset, we also derived 
the number of large trees, defined as the number of trees on each plot which had a basal 
area and height within the upper quartile basal area and height of all trees across the land-
use types. Information for basal area and the number of large trees is missing for two plots 
due to denied plot access. 
We obtained mean canopy closure values from five hemispherical images per plot, using a 
Nikon D5100 camera equipped with a Sigma Circular Fisheye 4.5 mm 1∶2.8 lens mounted 
on a tripod at 2.4 m height. We determined exposure following the histogram-exposure pro-
tocol of Beckschäfer et al. (2013), and extracted canopy closure values by applying a mini-
mum thresholding algorithm.  
We assessed proportion of forest cover in a 250-m-radius buffer around plot-centers using 
the raster R-package (Hijmans et al., 2019) and 2017 binary forest cover data with 30 m 
resolution (Vieilledent et al., 2018). We henceforth call this variable ‘landscape-scale forest 
cover’. 
3.3.6 Endemism level, nativeness and IUCN red-list status
We assigned all species to one of five different levels of endemism i.e. 1) non-endemic, 2) 
species level endemic, 3) genus level endemic, 4) subfamily level endemic and 5) family 
level endemic. We based this categorization on the BirdLife species factsheet data (BirdLife 
International, 2018), where species only occurring in Madagascar are listed as country-en-
demics. We then checked for each endemic species whether there are other species of the 
same genus / subfamily / family occurring outside Madagascar and attributed each species 
to the according endemism level. We assigned three bird species breeding only in Madagas-
car but migrating outside the country to non-endemic. We treated the two very similar Vasa 
Parrot species as one species and categorized it as non-endemic as one of them (C. vasa) 
also occurs outside Madagascar. We supplemented the data with native / non-native status 
(BirdLife International, 2018) and the threat category from the red list (IUCN, 2018). See SI 
Chapter 3 Table 12.3.
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3.3.7 Statistical analysis 
To assess the representativeness of our sample, we computed species accumulation curves 
and sample completeness per land-use type with raw incidence data in the R-package iNext 
(Hsieh et al., 2016), using each plot as one incidence. We used an analysis of variance 
(ANOVA) and pairwise Tukey's honest significance tests to assess differences in plot-level 
species richness between land-use types. To test for differences in endemic species rich-
ness, we used weighted regression with Bonferroni correction because a Levene-test 
showed heteroscedasticity in the variances between land-use types. For both tests, we ap-
plied a significance level of p < 0.05.  
To derive the total number of species (gamma diversity) per endemism level for each land-
use type, we subsampled the fallow-derived vanilla plots as we had 20 plots thereof (com-
pared to 10 for all other land-use types). To do so, we randomly selected one fallow-derived 
vanilla plot within each village and a 10th randomly from the remaining fallow-derived va-
nilla plots (as one village did not have a fallow-derived vanilla, see Figure 3.1 d)). We tested 
whether the observed number of species per endemism level differed from random expec-
tation by creating null models of species richness per endemism level for each land-use type. 
For each land-use type and each endemism level, we drew 1000 times the realized number 
of species from the total species pool (57 species) without substitution to estimate expected 
means and standard deviation (SD). We calculated the means and SD for the sum of ende-
mism levels equal or below each level for all endemic levels, e.g. the estimate for endemic 
genera represents the sum of family, sub-family and genus level endemics which can be ex-
pected under random conditions based on the land-use-type-specific null model. The non-
endemic estimate was the null estimate for non-endemic species only, plus the effectively 
realized number of endemic species for each land-use type. We then tested whether the 
number of species per endemism level found in each land-use type was within one or two 
SD.  
To visualize the co-occurrence of species across land-use types, we used UpsetR (Conway et 
al., 2017). To investigate differences in species composition between land-use types, we 
used the metaMDS function of the R-package vegan (Oksanen et al., 2019) with two dimen-
sions and standard settings. We tested for differences between land-use types using the 
adonis function of vegan and the pairwise.adonis function with Bonferroni correction to test 
for pairwise differences between land-use types. We then displayed the correlation of three 
environmental variables (basal area, landscape-scale forest cover and elevation; for two 
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plots with missing basal area data, we used mean basal area data for the land-use type) with 
the site scores to the NMDS plot using the envfit function of vegan.
To analyze the drivers of non-endemic and endemic species richness across land-use types 
with tree presence outside old-growth forest (forest fragment, forest- and fallow-derived 
vanilla, woody fallow), we generated two generalized linear models (GLMs) with a Poisson 
error structure in the lme4 package (Bates, 2014). We fitted basal area, altitude, landscape-
scale forest cover and land-use type as predictor variables. Two additional predictor varia-
bles, canopy closure and number of large trees, were strongly correlated with basal area 
(Spearman rank correlation: 0.770 for canopy closure and 0.829 for large trees; SI Chapter 
3, Figure 12.3), which is why we a priori included only basal area in the models. For both 
models, we scaled numeric variables to facilitate interpretability of the model outputs. We 
excluded data from two fallow-derived vanilla plots for the GLMs due to missing basal area 
data. Lastly, we extracted Nagelkerke’s R2 for all GLMs (Nagelkerke, 1991). We analyzed 
data using R version 3.5.3 (R Core Team, 2019).
3.4 Results
We detected 2,506 birds belonging to 57 species, of which 31 were endemic and four red-
listed by the IUCN. Species accumulation curves indicated still increasing species numbers 
after 10 plots per land-use type. However, sample coverage was >80% for all land-use types 
except rice paddy, suggesting an adequate sampling of the bird communities (SI Chapter 3, 
Figure 12.1). At plot level, old-growth forest had on average 12.3 species, which was twice 
the average of all other land-use types (6.1 species). Rice paddy, in contrast, had only 2.9 
species on average, which was significantly less than other land-use types except herba-
ceous fallow which had 5.6 species. Considering endemic species only, rice paddy had fewer 
species than the unburned land-use types old-growth forest, forest fragment and forest-de-
rived vanilla, but not significantly fewer species than fallow-derived vanilla, woody fallow 
and herbaceous fallow (Figure 3.2; test results SI Chapter 3, Table 12.4 and Table 12.5).
We encountered two non-native species: Common Myna (Acridotheres tristis) occurred on 
12 burned plots and Helmeted Guineafowl (Numida meleagris) on one forest-derived vanilla 
plot. Four detected species are IUCN listed, all of which are endemic: we found Dusky 
Tetraka (Crossleyia tenebrosa) and Helmet Vanga (Euryceros prevostii), listed as ‘vulnera-
ble’, in old-growth forest, Madagascar Sparrowhawk (Accipiter madagascariensis), listed as 
‘near threatened’, in one forest fragment and Madagascar Rail (Rallus madagascariensis), 
listed as ‘vulnerable’, in a rice paddy plot (SI Chapter 3, Table 12.3). Gamma diversity
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across ten plots per land-use type was 34 species (25 endemic) in old-growth forest, 23 (11 
endemic) in forest fragments, 25 (14 endemic) in forest-derived vanilla, 19 (8 endemic) in 
fallow-derived vanilla, 22 (8 endemic) in woody fallow, 16 (7 endemic) in herbaceous fal-
low, and 15 (2 endemic) in rice paddy (Figure 3.3). Endemic species were overrepresented 
in old-growth forest and underrepresented in the burned land-use types and rice paddy 
when compared to the land-use-type-specific null models. Conversely, the bird communi-
ties in forest fragments and forest-derived vanilla depicted a relatively representative sub-
set of the overall community (Figure 3.3). 
 
Figure 3.2: Plot-level bird species richness in seven prevalent land-use types in north-eastern Mad-
agascar (N = 10, except fallow-derived vanilla N = 20) for a) all species and b) endemic species only. 
The black horizontal line represents the median for each land-use type, the lower and upper hinges 
of each box correspond to the first and third quartiles. The upper whiskers extend to the largest value 
whereas the lower whiskers extend to the smallest value, no further than 1.5x the inter-quartile 































































based on pairwise Tukey's honest significance tests for a) and a weighted regression for b) because 
a Levene-test showed heteroscedasticity in the variances for species richness between land-use 
types for the latter (Numeric test results in SI Chapter 3, Table 12.4 and Table 12.5).
Species composition (Figure 3.4 b)) differed significantly between land-use types (Multi-
variate ANOVA based on dissimilarities: R2 = 0.35, p < 0.001, DF = 6). Pairwise comparisons 
revealed significant differences between old-growth forest and all other land-use types as 
well as significant differences between pairs of burned and unburned land-use types (SI 
Chapter 3, Table 12.6). Pairs within the burned respectively unburned land-use types were 
usually not significantly different (SI Chapter 3, Table 12.6). These patterns were driven by 
13 mainly endemic species occurring exclusively in old-growth forest and another twelve 
species being confined to unburned land-use types. Burned land-use types, on the other 
hand, only harbored four exclusive species while rice paddies had six thereof. 22 species 
occurred in both burned and unburned land-use types (Figure 3.4 a)). Basal area, landscape-
scale forest cover and elevation structured bird community composition (Figure 3.4 b)).
 
Figure 3.3: Total number of bird species (gamma-diversity) and number of species per endemism 
level across all plots (N = 80) and in each land-use type (N = 10 plots per land-use type; 10/20 sub-
sampled for fallow-derived vanilla). Endemics made up a larger proportion than expected from a null 
model in old-growth forests. The unburned land-use types forest fragment and forest-derived vanilla 
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land-use types and rice paddies. Species endemic on family level did only occur in old-growth forest. 
SI Chapter 3 Figure 12.2 shows all null model estimates and one respectively two standard deviations 
including those for endemism levels without observations.
On land-use types with tree presence outside old-growth forest (forest fragment, forest-
derived vanilla, fallow-derived vanilla and woody fallow), the plot-level parameters basal 
area and elevation had weak and non-significant associations with non-endemic and en-
demic species richness (Table 3.1). In contrast, landscape-scale forest cover was strongly 
and significantly associated with endemic species richness: where landscape-scale forest 
cover was high, we found 43 % more endemic bird species than in plots with low landscape-
scale forest cover (Table 3.1). Overall, the model explaining endemic species richness per-
formed well (Nagelkerke’s R2 = 0.47) while the model explaining non-endemic species rich-
ness performed poorly (Nagelkerke’s R2 = 0.13). 
Table 3.1: General linear models (GLMs) explaining non-endemic species richness and endemic spe-
cies richness in land-use types with tree presence outside old-growth forest (Forest fragment, forest-
derived vanilla, fallow-derived vanilla and woody fallow, 48 plots, 2 plots excluded due to missing 
basal area data). 
Response Number of non-endemic species  Number of endemic species 









Intercept 1.56 0.17 9.37 < 0.001  0.56 0.26 1.95 0.052 
Basal Area -0.02 0.10 -0.17 0.868  -0.08 0.20 -0.38 0.705 
Elevation  -0.03 0.07 -0.49 0.622  0.08 0.11 0.73 0.465 
Landscape-scale 
forest cover 
0.06 0.07 0.88 0.382 
 
0.35 0.12 2.85 < 0.001 
Forest-derived 
vanilla 
0.03 0.20 0.14 0.891 
 
-0.04 0.31 -0.12 0.90 
Fallow-derived 
vanilla 
0.16 0.21 0.75 0.45 
 
-0.55 0.42 -1.31 0.190 
Woody fallow 0.21 0.27 0.75 0.45  -0.59 0.54 -1.08 0.278 
Observations 48     48 
Nagelkerke's R2 0.125     0.466 
  Comparison of land-use types are against forest fragment 
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Figure 3.4: Bird species composition across seven land-use types in north-eastern Madagascar. a) 
Distribution of species by land-use type. Vertical bars show the number of species occurring in each 
of the unique combinations of land-use types depicted with the connected points. The color of the 
vertical bars corresponds to species occurring in any combination of unburned (dark grey), burned 
(light grey), or unburned and burned land-use types (black). The vertical bar representing species 
occurring exclusively in rice paddy is in blue. The horizontal bars depict the gamma diversity per 
land-use type. b) Species composition across land-use types from nonmetric-multidimensional-scal-
ing (stress value = 0.174). Colors depict the different land-use types and ellipsoids indicate standard 
error of the weighted average of scores for each land-use type. Pairwise comparison between land-
use types are displayed in SI Chapter 3 Table 12.6. Basal area, landscape-scale forest cover and ele-
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We assessed the value of a smallholder landscape mosaic in north-eastern Madagascar for 
bird conservation by comparing six land-use types with old-growth forest. Alpha and 
gamma diversity were highest in old-growth forest and lowest in rice paddy. Conversely, 
alpha diversity did not differ significantly between other land-use types and between the 
two kind of vanilla agroforests. Here, the number of endemic species, species composition 
and gamma diversity revealed differences. Furthermore, endemic species were overrepre-
sented in old-growth forest, representatively occurring in forest fragment and forest-de-
rived vanilla and underrepresented in fallow-derived vanilla, woody fallow, herbaceous fal-
low and rice paddy. Across plots outside old-growth forest with tree presence, landscape-
scale forest cover was strongly positively associated with endemic species richness, but not 
with non-endemic species richness. Overall, these results highlight the value of old-growth 
forest for birds and the important role of forest-derived vanilla agroforests for endemic 
birds. 
3.5.1 High value of old-growth forests for bird conservation 
We present compelling evidence for the importance of old-growth forests for bird conser-
vation, corroborating findings from Madagascar (Irwin et al., 2010; Rocha et al., 2015) and 
other tropical regions (Gibson et al., 2011). Firstly, old-growth forest had the highest alpha 
and gamma diversity of all land-use types studied. Secondly, bird communities in old-
growth forest had many unique species and distinct community assemblages. Thirdly, en-
demic species were overrepresented in old-growth forest and species endemic on family 
level only occurred therein. These results are in line with other studies across tropical land-
use gradients, which suggest that endemic species are often better suited for assessing the 
conservation value of a habitat than total species richness (de Lima et al., 2013; Waltert et 
al., 2011). Fourthly, we encountered threatened and near-threatened species most fre-
quently in old-growth forest. Similarly, the only two other studies comparing bird diversity 
between forest sites and agricultural sites in eastern Madagascar found a strong turnover 
of species between forest and the agricultural mosaic (Martin et al., 2012; Rocha et al., 
2015). The uniqueness of bird communities found in old-growth forests thus underlines the 
importance of well-governed protected areas and forest conservation policies in Madagas-
car to preserve its highly endemic biodiversity (Rakotomanana et al., 2013). 
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3.5.2 Rice paddies harbor few but specialized birds 
Although rice paddies had the lowest species richness, they might play an important role 
for certain specialized wetland species, as a total of six species were exclusively found in 
them; one of which was the endemic and red-listed Madagascar rail (Rallus madagascari-
ensis). However, many other species typically found in wetlands did not occur in rice paddy, 
emphasizing the conservation needs for wetlands in Madagascar (Kull, 2012). 
3.5.3 Vanilla agroforests as a conservation opportunity? 
Vanilla agroforests are an important land-use in the study area, but little is known about the 
value of vanilla agroforest for biodiversity. The lack of ecological research in vanilla agro-
forests is surprising given our knowledge on the contributions of other agroforests to bio-
diversity conservation (Bhagwat et al., 2008). The only studies available for vanilla are from 
a recent rapid biodiversity assessment: Hending et al. (2018, 2019) reported fewer lemur 
sightings in vanilla agroforests than in forests and a diverse plant community in tradition-
ally, less intensively managed vanilla agroforests in proximity to forests. Similarly, we find 
vanilla agroforests to host fewer bird species than old-growth forest and show that land-
scape-scale forest cover is essential for endemic birds. The conservation value of vanilla 
agroforestry can, however, only be assessed relative to other land uses and, most im-
portantly, in comparison to the land-use the agroforest was derived from. This distinction 
lacks in previous studies (Hending et al., 2018, 2019). 
The conversion of existing forest fragments into forest-derived vanilla agroforests causes, 
perhaps surprisingly, little change for birds. We explain this by the small size, the high level 
of wood extraction, and abundant disturbances in studied forest fragments, which has al-
ready caused losses in bird diversity compared to the contiguous old-growth forest. This 
pattern is typical for tropical rainforest fragments, which are sensitive to disturbance and 
fragmentation (Turner, 1996).  
As an alternative to forest-derived vanilla agroforestry, a forest fragment could also be 
burned and used for hill rice production, which would convert the land into an herbaceous 
fallow in the short run and a woody fallow thereafter. According to our results, this conver-
sion leads to a loss of higher-level-endemic species, making vanilla farming a more bird-
friendly land-use option in comparison to burning for shifting hill rice cultivation. Another 
open question is how forest-derived agroforests are able to sustain tree cover in the long 
run: agroforests often loose shade-trees over time, as shown for cacao (Tscharntke et al., 
2011) and coffee (Geeraert et al., 2019). In contrast, a first study in Malagasy vanilla 
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agroforest shows stable canopy cover along a chronosequence, suggesting that the loss of 
shade-trees may be less pronounced in vanilla agroforestry (Martin et al., 2020c). 
Fallow-derived vanilla had a lower conservation value than forest-derived vanilla and was 
most similar to woody fallow, which is the land-use type these agroforests were derived 
from. However, concluding a low conservation value of fallow-derived vanilla for biodiver-
sity would be short-sighted. Instead of establishing a vanilla agroforest, a woody fallow 
owner may also continue the shifting cultivation cycle. Ultimately, the land under shifting 
cultivation might enter a degradation cycle with disastrous effects for biodiversity, ecosys-
tem services and rice production (Styger et al., 2007), making vanilla farming, respectively 
the transformation from shifting cultivation to permanent agroforestry, a more biodiver-
sity-friendly land-use option.  
Conversely, planting vanilla inside old-growth forest would lead to a marked loss in bird 
species, with higher-level endemics being more likely to be lost. This underpins the limits 
of agroforests and heavily used forest fragments for bird conservation, while stressing the 
importance of old-growth forest conservation (see above). In spite of this, we have little 
evidence of large-scale encroachment of vanilla agroforests into old-growth forest at places 
we have visited. At least in Marojejy National Park, fast-paying activities like illegal logging 
of precious wood (Patel, 2007) seem to threaten biodiversity at a greater extent than vanilla 
cultivation. 
Besides direct effects, vanilla cultivation could also indirectly influence biodiversity in our 
study region by generating income as a high-value cash crop. High vanilla prices could ena-
ble farmers to reduce the land-intensive shifting cultivation for staple crop production and 
purchase imported rice instead, thus reducing the pressures on remaining forests. Yet this 
option is impeded by fluctuating vanilla prices and the great risk of vanilla theft in the region 
(Laney & Turner, 2015), which both make an exclusive focus on vanilla cultivation a risky 
option for farmers. Vanilla cultivation could also negatively affect biodiversity, because 
farmers often invest their return from vanilla sales into house construction (Hänke et al., 
2018), which might lead to an increase in demand for local timber. This, in turn, might drive 
selective logging in forests (Zaehringer et al., 2017), with potentially negative effects for 
biodiversity (Irwin et al., 2010). 
We conclude that while fallow-derived agroforests are less valuable for birds than forest-
derived agroforests, they may take fallow land out of the shifting cultivation cycle, possibly 
preventing further ecological degradation. Conversely, forest-derived agroforests may de-
grade forest, but the change compared to already-disturbed forest fragments is limited. 
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Additionally, forest-derived agroforests may avoid the loss of tree cover from forest frag-
ments by offering an income from vanilla farming. 
3.5.4 Bird-friendly vanilla agroforest management 
Landscape-scale forest cover benefits endemic bird species richness and is maintained by 
old-growth forest, forest fragments and forest-derived vanilla agroforest. Keeping trees in 
forest-derived agroforests may, however, be directly and indirectly disadvantageous for 
farmers, leading to possible conservation trade-offs. Directly, since trees cannot be used for 
timber and fuelwood (Zaehringer et al., 2017), and indirectly, because trade-offs could exist 
between yields and canopy closure. However, a recent study has shown no trade-offs be-
tween yields and canopy cover under current farming practices (Martin et al., 2020c). None-
theless, given these potential economic losses for farmers, sustainability standards could 
provide incentives to keep trees producing ‘high-shade vanilla’, following examples from 
coffee and cacao (Perfecto et al., 2005; Tscharntke et al., 2014). Importantly, sustainability 
standards should encourage tree recovery in fallow-derived agroforests and tree mainte-
nance in forest-derived agroforests but avoid incentivizing the establishment of new forest-
derived agroforests (Martin et al., 2020b). Sustainability standards should thus be sensible 
to land-use history, leading to an agricultural landscape with optimized benefits for people 
and nature. 
3.5.5 Landscape forest cover as a predictor of bird diversity outside old-growth for-
est 
Landscape-scale forest cover had a positive effect on endemic species richness in vanilla 
agroforests, forest fragments and woody fallows and also affected community composition. 
Non-endemic bird species richness was, however, not affected (Table 3.1). Consistent with 
findings from Afro-tropical agroforestry (Waltert et al., 2011), this suggests that endemic 
bird species need a minimum amount of forest cover on a landscape-scale to survive. This 
threshold is likely species-specific (Ocampo-Ariza et al., 2019) and currently unknown for 
our study area. Forest cover in the agricultural landscape is maintained by forest fragments 
and forest-derived vanilla agroforests. This highlights the importance of landscape-scale ac-
tion in conserving old-growth forest as well as tree cover within agroforests and forest frag-
ments (Perfecto et al., 2005; Tscharntke et al., 2014). Given the recent loss of forest cover, 
some bird species in the region might show an extinction debt, since present day forest 
cover might not provide enough habitat for their current populations to persist in the long 
run (Kuussaari et al., 2009). This might potentially confound our results, but our study 
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design is not aimed at investigating extinction debts. However, evidence suggests that ex-
tinction debts are highest for long-lived species (Kuussaari et al., 2009) and since most spe-
cies in our study are relatively small and short-lived, we suggest a minor role of extinction 
debts on the results of our study. 
3.6 Conclusion 
Old-growth forests are indispensable for many endemic bird species. However, vanilla ag-
roforestry may provide an important habitat for birds within the agricultural landscape mo-
saic, but their conservation value fundamentally depends on land-use history: forest-de-
rived agroforests are most similar to small and selectively logged forest fragments, whereas 
fallow-derived agroforests are most similar to fallow land. Importantly, forest-derived va-
nilla agroforest may avoid the loss of forest fragments, while fallow-derived vanilla agrofor-
est may reduce land degradation through shifting cultivation, by providing a more attractive 
alternative land-use. The stark contrasts between fallow-derived and forest-derived vanilla 
agroforests further suggest that a differentiation based on land-use history represents a 
promising avenue for future research and applications in tropical agroforestry systems – 
beyond vanilla. 
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4.1 Abstract 
New technologies like ecoacoustic surveys promise time and cost efficiency for biodiversity 
assessments, serve as a basis for effective conservation policies, and are particularly appeal-
ing for remote and highly diverse tropical areas. Acoustic indices facilitate the analysis of 
large acoustic datasets but no consensus on their performance has been reached yet. We 
evaluated the efficacy of four acoustic indices (Acoustic Complexity Index, Acoustic Diver-
sity Index, Acoustic Evenness Index, Acoustic Entropy) for sound data analysis and biodi-
versity assessments inside a national park and the agricultural mosaic landscape of north-




continuously record soundscapes on 80 plots across seven land-use types (old-growth for-
est, forest fragment, forest-derived and fallow-derived vanilla agroforest, herbaceous and 
woody fallow, rice paddy) and compared index values between land-use types, assessed the 
correlation with bird species richness as measured by point counts, and related the acoustic 
indices to plot- and landscape-scale parameters. The Acoustic Diversity Index, Acoustic 
Evenness Index (inverse) and Acoustic Entropy were highest in old-growth forest and low-
est for rice paddies and fallow land. Index values for structurally similar land-use types did 
not differ significantly from each other. The correlation of the three acoustic indices with 
bird species richness was strongest during daytime (𝑅2 ≥ 0.30). Differences in the index 
values were best explained by land-use type and vegetation density. Our results showed 
that all investigated indices except the Acoustic Complexity Index were suitable biodiversity 
indicators for a tropical, agricultural landscape. Soundscape diversity was positively af-
fected by plot-scale vegetation structure, emphasizing the importance of forests and partic-
ularly old-growth forest for conservation. We demonstrated that acoustic indices and sound 
recordings are a useful tool for assessing biodiversity in tropical agricultural mosaic land-
scapes. To realize the full potential of ecoacoustics in conservation, sampling guidelines and 
user-friendly analysis packages will be key to facilitate a wider implementation. 
Keywords: Acoustic indices, rapid biodiversity assessment, conservation, ecoacoustics, 
land-use change, Madagascar 
4.2 Introduction 
The anthropogenic alteration and overexploitation of the planet’s ecosystems lead to global 
biodiversity loss at an unprecedented rate (Jantz et al., 2015; Newbold et al., 2015). Despite 
ambitious global targets to reduce biodiversity loss (Tittensor et al., 2014), pressure on bi-
odiversity has increased notably over the past four decades (Butchart et al., 2010). Cur-
rently, agricultural expansion and intensification are the main drivers of the biodiversity 
crisis (IPBES 2019). 
Detailed accounts of the state and trends of biodiversity at a local scale are thus needed to 
inform effective conservation policies and environmental management practices (IPBES 
2019). However, field surveys, especially in remote tropical areas with high species diver-
sity, can be time-consuming as well as logistically and taxonomically challenging (Digby et 
al., 2013; Gardner et al., 2008). Ecoacoustic surveys are a promising tool to overcome these 
limitations by reducing survey costs substantially through the use of open-source acoustic 
hardware and software (Hill et al., 2018; Whytock & Christie, 2017). 
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Ecoacoustic surveys rely on the Acoustic Niche Hypothesis which posits that each environ-
ment has a soundscape (Pijanowski et al., 2011; Schafer, 1993). The partitioning of the 
soundscape in time and frequency range results into a limited number of acoustic niches 
(Krause, 1993). The occupancy of acoustic niches by vocalizing species is regarded as an 
indicator for ecological integrity (Servick, 2014) and the number of species in a habitat is 
expected to increase the variety and complexity of acoustic signals (Sueur et al., 2008). In 
this context, it is important to note that vocalizing communities are not limited to the audi-
ble range and surveys may also include infra- and ultrasonic sounds.  
Continuing developments in data storage capacities allow ecologists to gather large acoustic 
datasets in short time, but manual analysis of full datasets remains time-consuming. One 
alternative to a manual or species-focused sound data analysis is to assess the complete 
soundscape by computing various acoustic indices that determine, for example, the ampli-
tude and frequency variation within a recording (Buxton et al., 2018; Sueur et al., 2008).  
Rapid biodiversity assessment tools are particularly helpful in highly diverse tropical re-
gions such as Madagascar. The country is a global biodiversity hotspot with an exceptional 
endemism (Myers et al., 2000), which has lost 44% of its forest cover over the last six dec-
ades (Vieilledent et al., 2018). In north-eastern Madagascar, shifting cultivation of hill rice 
is the main driver of deforestation (Zaehringer et al., 2015). Successional stages within the 
shifting cultivation cycle and permanent small-scale vanilla agroforestry lead to a diverse 
landscape mosaic. The potential of vanilla agroforests for conservation is still poorly studied 
but likely depends on land-use history, that is whether an agroforest is established inside 
forest or on formerly forested open fallow land (Martin et al., 2020b).  
The aim of this study was to investigate the efficacy of acoustic indices as a biodiversity 
indicator in the tropical, agricultural landscapes of north-eastern Madagascar. Specifically, 
we tested (i) if acoustic indices vary systematically across 80 plots covering the seven pre-
dominant land-use types of the study region (old-growth forest, forest fragments, forest-
derived vanilla agroforests, fallow-derived vanilla agroforests, woody fallow, herbaceous 
fallow, rice paddy); (ii) if acoustic indices serve as a reliable proxy for biodiversity; and (iii) 
which environmental parameters co-vary with acoustic indices.  
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4.3 Materials and methods 
4.3.1 Study area and design 
We conducted this study in the SAVA region in north-east Madagascar (Figure 4.1). The cli-
mate is tropical-humid with a mean annual temperature of 24 °C and annual rainfall of 2220 
mm. The rainy season lasts from November to April (Tattersall & Sussman, 1975). 
 
Figure 4.1: Study area, study design and land-use types. a) Location of SAVA region in north-eastern 
Madagascar and b) study region therein. c) Distribution of 80 plots across 10 different villages and 
Marojejy National Park in the SAVA region. d) Overview of studied land-use types and typical trans-
formation pathways. 
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In our study area, there are seven prevalent land-use types (Figure 4.1): i) old-growth for-
ests, which represent lowland tropical rainforests, the natural vegetation in the region; ii) 
forest fragments, which are small remnants of old-growth forest, typically used for timber 
extraction by private landowners. Furthermore, we included two types of vanilla agrofor-
ests: iii) forest-derived vanilla agroforests, established inside of remaining forests, and iv) 
fallow-derived vanilla agroforests, established by conversion of fallow land that was for-
merly part of the shifting cultivation cycle. In forest-derived vanilla agroforests, the forest 
understory is thinned or cleared but native trees usually remain as shade trees and smaller 
trees are kept or additionally planted as support structures for the vanilla vines. In fallow-
derived vanilla agroforests, in turn, shade and support trees either represent secondary re-
growth or were subsequently planted. Additionally, we distinguished v) herbaceous and vi) 
woody fallows as successional stages within the shifting cultivation cycle of rainfed upland 
rice farming (tavy), different from vii) irrigated rice paddies. Herbaceous fallows last 
burned ~1 year before the start of our study in late 2017, while woody fallows last burned 
4-16 years before.  
For studying the seven land-use types, we selected 80 plots of 25 m radius, with 10 repli-
cates for each land-use type (20 replicates for fallow-derived vanilla agroforests). The old-
growth forest plots were at two sites within Marojejy National Park (241 to 701 m above 
sea level). The plots in the remaining land-use types were in 10 villages (7 to 819 m above 
sea level), placed using a nested design with one plot per land-use type per village, except 
for the two types of vanilla agroforest, which could not be equally distributed across villages 
(see Figure 4.1). The mean minimum distance from one plot to the closest neighbouring 
plot, regardless of land-use type, was 719 m (SD ± 438 m) with a minimum of 260 m. 
4.3.2 Plot characteristics 
To quantify the structural complexity of the focal plots, we assessed basal area and vegeta-
tion density. Firstly, we calculated the basal area of all living trees with a diameter at breast 
height ≥8 cm. Secondly, we estimated the overall vegetation density including non-woody 
vegetation. To this end, we established vegetation density profiles (adapted from Van Der 
Maarel (1970)) based on photographs taken in cardinal directions from the plot centre. 
From the photos, we estimated the vegetation density of six 0.5 m-layers between 0 and 3 
m above ground in % and used all layers to calculate the average vegetation density for each 
plot. We further extracted the elevation above sea level of all plots from the digital elevation 
model AW3D30 (Japan Aerospace Exploration Agency, 2018). To assess landscape-level 
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effects of forest on acoustic indices, we calculated the forest cover within a 250 m radius 
around the plot centre using 2017 binary forest cover data (Vieilledent et al., 2018). 
4.3.3 Bird point counts
We conducted one point count per plot between October and December 2017 and one point 
count per plot between August and December 2018 based on Bibby et al. (2000); SI Chapter 
4, Table 12.10. We reversed the sequence of plots in the second year to avoid possible biases 
due to seasonal changes. In the old-growth forest, we did point counts only in 2018 but re-
peated them at the beginning and end of the field season (August/September; December) 
to cover similar seasonal conditions as in the other land-use types. We call the two sampling 
periods ‘year’ in the rest of the manuscript.
Each point count lasted 40 minutes and was done by two observers starting around sunrise 
and finishing before 8:15 AM (SI Chapter 4, Table 12.10). For identification of bird species, 
we followed the field guide of Hawkins et al. (2015) and BirdLife nomenclature (Handbook 
of the Birds of the World and BirdLife International, 2018). We combined the 2017- and 
2018-point count data to calculate the cumulative bird species richness for each plot, in-
cluding only detections within the 25 m plot radius and excluding detections of species only 
seen in flight. Further details of bird point counts are described in Martin et al. (2020a).
4.3.4 Sound recordings
We used self-built, autonomous Solo audio recorders (Whytock & Christie, 2017) with two 
omnidirectional microphones (SI Chapter 4, Figure 12.4; SI Chapter 4, Table 12.7 - Table 
12.8) and deployed them in the plot centre at 130 cm height for at least 72 hours (continu-
ous recording). We did the sound recordings during the same field work as point counts 
(October - December 2017; August - December 2018) and followed the same sampling se-
quence as for point counts (SI Chapter 4, Table 12.10).
4.3.5 Acoustic indices
We randomly selected one continuous recording section (24 hours, starting at 12 AM) per 
year per plot (SI Chapter 4, Table 12.10). We visually inspected spectrograms of the chosen 
recording section and selected a different 24-hour section of that recording if precipitation 
or anthropogenic noise was high. We could not use one corrupted 2017 recording, resulting 
in a total of 3,816 recording hours used for index calculation.
We used R version 3.5.0 (R Core Team, 2019) and the multiple_sounds function of the pack-
age soundecology (Villanueva-Rivera & Pijanowski, 2018) to calculate four acoustic indices:
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the Acoustic Complexity Index ACI (Pieretti et al., 2011), the Acoustic Diversity Index ADI 
(Villanueva-Rivera et al., 2011), the Acoustic Evenness Index AEI (Villanueva-Rivera et al., 
2011) and Acoustic Entropy H (Sueur et al., 2008). We selected the four acoustic indices 
based on their frequent use in recent ecoacoustic studies. To limit computation time, we 
used the setting of a maximum frequency (12 kHz) available for the ACI, ADI and AEI. To 
exclude low frequency background noise, we used the setting of a minimum frequency (0.2 
kHz) available for the ACI and a dB threshold (-40 dB) available for the ADI and AEI. We 
provide an overview of all computational settings for index calculation in Table I in SI Chap-
ter 4.  
We calculated the acoustic indices on 1-min-basis, resulting into 1,440 index values per con-
tinuous recording. To receive a final value per plot, we calculated the median of the full 
24-hour-recording duration using the 1-min-based values of the 2017 and 2018 recording 
per plot. We did the same for shorter time intervals, specifically the night-time (12 AM – 5 
AM; 6 PM – 12 AM), dawn chorus (5 AM – 8 AM) and daytime interval (5 AM – 6 PM). Be-
cause high AEI values represent high evenness within a recording (few or no signals), and 
to facilitate comparability, we present the results of this index inverse (1-AEI).  
4.3.6 Statistical analysis 
We performed all statistical analysis in R version 3.5.0 (R Core Team, 2019). We used the 
Shapiro-Wilk test to assess whether the acoustic index values (medians) are normally dis-
tributed. To determine differences in acoustic indices between the land-use types and be-
cause of non-normal distribution of the data, we performed a Kruskal-Wallis test and a pair-
wise Wilcoxon rank-sum test including Bonferroni correction. To test for a correlation be-
tween observed bird species richness and acoustic indices, we fitted linear and second-or-
der polynomial models and selected the most parsimonious model based on the Akaike In-
formation Criterion (AIC) (Akaike, 1998). We used the polynomial model only if its AIC 
value was at least two units lower as models with AIC values less than two units apart are 
equivalent and do not justify the use of higher complexity to describe a relationship (Burn-
ham & Anderson, 1998). 
We followed the approach of Burivalova et al. (2018) to investigate differences in the acous-
tic index values between land-use types and over time. We used the lmer function of the 
package lme4 (Bates, 2014) to build linear mixed-effect models for every minute of the day: 
we included basal area, elevation, forest area within 250 m radius around plot centres, land-
use type and vegetation density of plots as fixed effects (Table 12.9). We included the 10 
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study villages and the two old-growth forest sites as a random effect. We rescaled the fixed 
continuous variables between zero and one and excluded two fallow-derived vanilla agro-
forests due to missing basal area data.  
We used the dredgeDS function of the package MuMIn (Bartoń, 2020) that produces models 
with all possible combinations of the five explanatory variables, resulting in 25 (= 32) mod-
els. We then sorted all 32 models for each acoustic index and each minute of the day accord-
ing to AIC (Akaike, 1998; Burnham & Anderson, 1998). Subsequently, we calculated the rel-
ative variable importance for each fixed effect by summing up the Akaike weights over all 
models in which the effect appears. We did this separately based on how the fixed effect was 
considered within the model (positive; negative).   
4.4 Results 
Three of the acoustic indices (ADI, 1-AEI, H) varied systematically between the seven 
land-use types in north-eastern Madagascar (Figure 4.2). Values for these acoustic indices 
were highest for old-growth forest and forest fragments (Figure 4.3) and showed a strong 
correlation with bird species richness (Figure 4.4). The plot-level vegetation density ex-
plained the differences in acoustic indices among the land-use types best (Figure 4.5).  
4.4.1 Temporal variation of acoustic indices 
The ADI, 1-AEI and H showed a distinct temporal pattern (Figure 4.2): index values were 
high during night-time for all land-use types. After sunrise, we observed a strong decrease 
of the three acoustic indices in rice paddies and herbaceous fallows and values were lowest 
between 11 AM and 3 PM. Index values for woody fallows, fallow-derived and forest-de-
rived vanilla agroforests decreased moderately after sunrise. The old-growth forest and for-
est fragments had high values throughout the day. The ACI showed no distinctive pattern 
for the different land-use types. 
4.4.2 Differences in acoustic indices among land-use types 
The ADI, the 1-AEI and H showed strongest differences in index values between land-use 
types during daytime, between 5 AM and 6 PM (Figure 4.3). Differences were less substan-
tial but still apparent during the full recording and the dawn chorus and became indistinct 
during night-time. These three acoustic indices showed highest values for old-growth forest 
and lowest values for rice paddy. During daytime, the index values for rice paddies, herba-
ceous and woody fallows, and fallow-derived vanilla agroforests were significantly lower 
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(p < 0.05) compared to old-growth forest and forest fragments, with the H in woody fallow 
being the only exception (SI Chapter 4, Table 12.11 - Table 12.13). The ACI showed the low-
est values for the old-growth forest and the highest values for the herbaceous fallow.
4.4.3 Correlation of acoustic indices with bird species richness
There was a significant positive correlation between bird species richness and ADI, 1-AEI 
and H, respectively, for all time intervals (except 1-AEI during dawn chorus) (Figure 4.4). 
The strongest correlation between bird species richness and the ADI (adj. R² = 0.38),
the 1-AEI (adj. R² = 0.30) and H (adj. R² = 0.39) occurred between 5 AM and 6 PM
(daytime interval). The second order polynomial model outperformed the linear model dur-
ing this time interval. During night and dawn chorus, adjusted R² values were low and the 
linear model performed better (SI Chapter 4, Table 12.14). For the ACI, the correlation with 
bird species richness was significantly negative. However, adjusted R² values were very low 
(adj. R² < 0.09), indicating only a weak correlation.
4.4.4 Structural parameters of plots driving acoustic indices 
The most parsimonious models explaining differences in ADI, 1-AEI and H values among 
plots included most frequently the variables vegetation density (during the whole day) and 
land-use type (especially during daytime; Figure 4.5). Furthermore, the basal area was a 
positive determinant for the 1-AEI. For the ACI, the best models most frequently included 
basal area and land-use type as variables. A higher basal area was negatively associated 
with ACI values and the elevation and vegetation density played only a minor role. The for-




Figure 4.2: Temporal variation of the Acoustic Complexity Index (ACI), the Acoustic Diversity Index 
(ADI), the inverse Acoustic Evenness Index (1-AEI) and Acoustic Entropy (H) for the different 
land-use types. We used one continuous recording of 24 hours of each year (2017; 2018) per plot 
and calculated the acoustic indices on 1-min-basis. Based on 10 replicates per land-use type (20 rep-
licates for fallow-derived vanilla), we show the median (line) and 95%-confidence interval (back-
ground colour) for each land-use type. To facilitate interpretation and visualization, we applied lo-
cally weighted polynomial regression (LOWESS) on the medians and confidence intervals. Dotted 
lines mark sunrise (equivalent to start time of point counts), end time of point counts, and sunset. 
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Figure 4.3: Variation of the Acoustic Complexity Index (ACI), the Acoustic Diversity Index (ADI), the 
inverse Acoustic Evenness Index (1-AEI) and Acoustic Entropy (H) for 10 plots per land-use type 
(20 plots for fallow-derived vanilla). We used one continuous recording per recording seasons per 
plot (2017; 2018) and calculated the acoustic indices on 1-min basis. To receive a final value per plot, 
we used the 1-min-based values to calculate the median for the continuous 24 hours recording, the 
night-time (12 AM – 5 AM; 6 PM – 12 AM), dawn chorus (5 AM – 8 AM) and daytime (5 AM – 6 PM). 
Box-and-whiskers represent lower extreme, lower quartile, median, upper quartile, upper extreme 
and outliers outside double interquartile range for each land-use type based on the plot medians. 
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Figure 4.4: Correlation between bird species richness and the Acoustic Complexity Index (ACI), the 
Acoustic Diversity Index (ADI), the inverse Acoustic Evenness Index (1-AEI) and Acoustic Entropy 
(H) for the different land-use types during the full 24 hours recording duration, the night-time before 
5 AM and after 6 PM, the morning chorus between 5 and 8 AM and the day-time between 5 AM and 
6 PM. We tested a linear and a second-order polynomial model to describe the correlation. We dis-
play the simple linear model by default and only show the polynomial model if Δ AIC ≥ 2. The corre-
lations are significant for all time intervals except one (dashed line). Grey ribbons indicate 95%-con-
fidence intervals for each estimate. 
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Figure 4.5: Relative variable importance explaining differences in Acoustic Complexity Index (ACI), 
the Acoustic Diversity Index (ADI), the inverse Acoustic Evenness Index (1-AEI) and Acoustic En-
tropy (H). Model variables included land-use type, elevation, basal area, forested area within a 250 
m radius around plot centre and vegetation density. Black colour represents the Akaike weight of the 
null model during that time of the day. 
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4.5 Discussion 
We tested the performance of sound recordings and acoustic indices to assess and monitor 
the biodiversity in old-growth-forest, forest fragments and agricultural land-use systems in 
north-eastern Madagascar. Evaluating the efficacy of this emerging rapid biodiversity as-
sessment method, we found three acoustic indices to be useful proxies for biodiversity.  
4.5.1 Systematic variation of acoustic indices among land-use types 
We found that three acoustic indices varied systematically across the seven land-use types 
in north-eastern Madagascar (Figure 4.3). The ADI, the 1-AEI and H showed the lowest in-
dex values for irrigated rice paddies and fallow land within the hill rice shifting cultivation 
cycle, typically facing highest land-use intensity and therefore indicating a lower value for 
biodiversity due to less suitable habitat. Acoustic index values for forest fragments and old-
growth forest in particular were consistently high, emphasizing their importance for con-
servation, in line with results of previous studies relying on conventional methods (Gardner 
et al., 2016; Rocha et al., 2015).    
As the ACI should theoretically be high in habitats with higher variability in biotic sound 
intensity (Pieretti et al., 2011), our results were contrary to our expectations and opposite 
to the other three indices studied: ACI values were highest in herbaceous fallows and rice 
paddies and lowest in old-growth forest (Figure 4.3). This might be because irrigated rice 
paddies can be dominated by a single distinct signal, like the vocalizations of amphibians 
during night-time, therefore having a high variation in sound intensity. Additionally, bound-
aries of vocalizations of different species in a diverse habitat like an old-growth forest may 
overlap, ultimately leading to a lower variation in sound intensity over time and thus lower 
ACI values. Therefore, the ACI might not be a useful biodiversity indicator in a tropical, ag-
ricultural landscape. 
4.5.2 Acoustic indices as a proxy for biodiversity 
We found that the ADI, 1-AEI and H were correlated with bird species richness, a standard 
biodiversity indicator. This correlation was particularly strong during daytime. Our results 
are thus in line with a case study from South China, which reports the same three acoustic 
indices to be correlated with bird species richness (Mammides et al., 2017). Similarly, a case 
study from the Brazilian Cerrado showed a correlation of bird species richness and the ADI 
(Machado et al., 2017) and in the Brazilian Atlantic Rainforest, AEI was correlated with spe-
cies richness (Jorge et al., 2018). The higher support for the polynomial models during 
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daytime indicates a saturation in the soundscape as index values do not differ between spe-
cies-rich plots (Figure 4.4). Hence, losses in species richness within species-rich plots may 
not be reflected by acoustic indices, limiting the efficacy of these particular indices in hyper-
diverse tropical forests. This limitation could be overcome by a multiple analysis approach 
including machine learning, as well as new variations of indices. 
Contrary to our expectations, the ACI showed a negative and only weak correlation with 
bird species richness. Izaguirre and Ramírez-Alán (2018) reported the ACI to be useful to 
monitor bird abundance in a tropical dry forest in Costa Rica. Towsey et al. (2014) con-
firmed the viability of the index for species diversity for bushland in eastern Australia. How-
ever, our results do not provide evidence for the ACI being a good proxy for bird species 
richness in north-eastern Madagascar. 
4.5.3 Plot-scale vegetational structure related to soundscape diversity 
The three acoustic indices describing the soundscape diversity of the study plots were 
mainly related to the plot-specific vegetation structure. Vegetation density, and to a lesser 
extend basal area, were positively associated with higher index values. Our findings indicate 
that maintaining vegetation structure in the agricultural landscape and preventing forest 
degradation is key to preserve a high soundscape diversity. 
The soundscape of natural environments is composed by vocalisations of birds, amphibians 
and insects. Therefore, we would not expect a perfect correlation of the four acoustic indices 
with bird species richness, as this is only one taxon representing a part of the acoustic fin-
gerprint of a habitat. Furthermore, the contribution of understory-dependent amphibians 
and insects to the recorded soundscapes may explain why the plot-scale vegetational struc-
ture was of highest relevance for the soundscape diversity within our study. Supporting this 
theory, it has been observed that insects and frogs can dominate dusk and dawn chorus in 
tropical biomes (Farina & Gage, 2017). It also points out to the potential of ecoacoustics to 
assess biodiversity holistically through regarding the full soundscape instead of focusing on 
single indicator taxa, which may respond to land-use change very differently (Barlow et al., 
2007).  
4.5.4 Implications for the use of acoustic indices for biodiversity assessments 
Three acoustic indices (ADI, 1-AEI, H) showed strongest differences in the soundscape of 
the different land-use types in north-eastern Madagascar during noon and afternoon (Fig-
ure 4.2). Only few ecoacoustic studies have described similar patterns of high soundscape 
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diversity during night-time and a decline during daytime (Fuller et al., 2015; Gasc et al., 
2013). As realized within our study, only continuous recordings are able to reveal such fine 
temporal patterns, yet many studies rely on a reduced sampling scheme, e.g. recording 1 
min every 10 min (Gómez et al., 2018) or only dawn and dusk chorus (Depraetere et al., 
2012), due to data storage capacities and battery power. Continuous sampling for several 
days in a row is desirable to capture the complete soundscape and diurnal trends. Moreover, 
it is the basis for the comparability of ecoacoustic surveys across different biomes, as advo-
cated by Bradfer-Lawrence et al. (2019). 
Currently, a limiting factor for conservation practitioners to use acoustic indices for rapid 
biodiversity assessments is the challenging nature of sound data analysis. Due to the varia-
bility of habitats and lack of standard protocols, the settings for index computation (e.g. fre-
quency thresholds and dB-thresholds) are mainly set by trial and error. More research and 
case studies are needed to provide firm guidelines for ecoacoustic surveys, including, for 
example, user-friendly and open-source analyses packages.  
The acoustic indices used in our study captured substantial differences between land-use 
types but were not suitable to detect the more subtle differences in the soundscape of struc-
turally similar land-use types, particularly in species rich habitats. Furthermore, some 
acoustic indices rely on the same coefficients (Shannon-Index; ADI and H) or similar equa-
tions (ADI and AEI) used for computation. Some acoustic indices are hence correlated and 
thus provide partly complementary information. An alternative might be a combination of 
analyses, including e.g. automated classification and machine learning, which currently fo-
cus on the identification of a single or few species (Aide et al., 2013). However, the latter 
approaches would require advanced knowledge in signal processing, large training data 
sets and available software may not be open source (Priyadarshani et al., 2018).  
4.5.5 Implications on the potential of vanilla agroforests for biodiversity conserva-
tion 
We found that forest-derived vanilla agroforests had similar acoustic index values as forest 
fragments, suggesting the maintenance of biodiversity after conversion of forest fragments 
into forest-derived vanilla agroforests (Figure 4.3). Fallow-derived agroforests, on the other 
hand, had index values similar to woody fallows, the land-use type on which such agrofor-
ests are typically established. These results highlight the importance of land-use history 
when assessing the conservation value of agroforests (Martin et al., 2020b). Agroforests can 
increase landscape connectivity (Bhagwat et al., 2008) and previous studies in Madagascar 
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showed that the agricultural landscapes can support a high number of the endemic birds if 
forest fragments remain within a landscape mosaic (Martin et al., 2012). Currently, expand-
ing vanilla agroforestry could thus be biodiversity-friendly 1) if forest-derived agroforests 
contribute to tree maintenance by avoiding complete forest fragment loss and 2) if the es-
tablishment of fallow-derived agroforests on woody fallows leads to a cessation of the shift-
ing cultivation cycle on this land. The potential of vanilla agroforests to complement and 
enhance the landscape mosaic will, however, need further research.  
4.6 Conclusion 
Autonomous sound recordings and acoustic indices are regarded as time-efficient assess-
ment tools in the biodiversity conservation context. Based on an exceptionally large acous-
tic dataset, our study contributes to a better understanding of the relationship between 
acoustic indices and bird species richness as well as between acoustic indices and plot- and 
landscape-scale characteristics. We found that the Acoustic Diversity Index, the Acoustic 
Evenness Index, and the Acoustic Entropy are informative metrics to analyse sound data 
and estimate soundscape diversity in a biodiverse tropical landscape. Acoustic index values 
were highest for the old-growth forests, highlighting their importance for conservation, 
however, forest fragments also retained relatively high index values. Our results emphasize 
the potential of vanilla agroforests to contribute to the maintenance of biodiversity in the 
agricultural landscape. Nonetheless, the acoustic indices alone did not allow us to distin-
guish structurally similar land-use types due to high variations in soundscapes within land-
use types. The Acoustic Complexity Index emerged as not useful in our study region. Using 
a multiple analysis approach, e.g. including machine learning, could overcome methodolog-
ical limitations. Together with user-friendly analysis packages and firm guidelines this will 
facilitate a wider implementation of ecoacoustics in applied ecology and conservation. 
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5.1  Abstract 
Background: Large expanses of tropical rainforest have been converted into smallholder-
dominated agricultural landscapes. This is also the case in north-eastern Madagascar, a re-
gion where significant proportions of forest cover remain despite shifting hill rice cultiva-
tion and vanilla agroforestry. The region is also a global hotspot for amphibian and reptile 
diversity, but how this diversity is affected by land-use change remains largely unknown.  
Aim: To derive conservation advice, we compare species diversity and composition across 
seven prevalent land-use types (old-growth forest inside a national park, forest fragment, 
forest-derived vanilla, and in burned land uses including, fallow-derived vanilla, woody fal-
low, herbaceous fallow and rice paddy) with at least ten replicates each. 




Time period: September 2017-April 2019. 
Major taxa studied: Amphibians and reptiles 
Methods: Time-standardized transects in a space-for-time study design covering the pre-
dominant land-use types of the study region.  
Results: At plot level, amphibian species richness was highest in old-growth forest and sig-
nificantly lower in all other land-use types, with the lowest values in rice paddy. Plot-level 
reptile species richness was significantly higher in unburned land-use types. For both am-
phibians and reptiles, the less-disturbed land-use types showed more uneven communities, 
particularly old-growth forest. Old-growth forest also harboured species compositions sig-
nificantly different to all other land-use types. Amphibians showed a higher level of forest 
dependency and showed stronger species turnover after forest conversion than reptiles. 
Conclusion: We document an outstanding diversity of amphibians and reptiles in the biodi-
versity hotspot of north-eastern Madagascar, but the two groups react differently to land-
use change: the small-scale agricultural landscape has relatively low value for amphibian 
conservation. For reptiles, losses in species richness were less pronounced and unburned 
agricultural habitats were relatively important, suggesting that reptiles are less affected by 
land-use change than amphibians. Old-growth forest harboured a unique diversity of rep-
tiles and amphibians, highlighting its high conservation value. In sum, amphibian and rep-
tile conservation in north-eastern Madagascar should focus on the conservation of old-
growth forest in protected areas and forest fragments within the agricultural landscape. 
Key words: Amphibian, reptile, conservation, agroforestry, human-dominated landscape, 
land-use change, vanilla, Madagascar.  
5.2 Introduction 
Demand for agricultural goods is still on the rise due to a growing world population and a 
change in diets (Tilman et al., 2011) leading to both an expansion of croplands into natural 
areas and an intensification of existing production systems (Tscharntke et al., 2012). Most 
agricultural expansion in the tropics happens at the expense of forest and leads to an in-
crease of forest fragmentation (Gibbs et al., 2010; Hansen et al., 2020). Land-use change is 
thus the main driver of biodiversity decline globally (Powers & Jetz, 2019), and this is par-
ticularly pronounced in the tropics (Foley, 2005; Laurance et al., 2014) where high land use 
pressure and biodiversity coincide. 
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However, tropical agricultural landscapes also provide opportunities for nature conserva-
tion (Perfecto & Vandermeer, 2010). This might be particularly the case where agricultural 
landscapes are not dominated by large-scale monocultures but rather consist of a diverse 
mosaic of forest fragments, agroforestry systems and more intensively farmed annual crop 
fields (Bhagwat et al., 2008; Mendenhall et al., 2016). Beside the value for biodiversity, small 
scale land-use mosaics can also provide essential ecosystem services and livelihoods for ru-
ral people, making landscapes work for humans and nature (Kremen & Merenlender, 2018). 
However, most research investigating the value of tropical agricultural landscapes for bio-
diversity and humans was conducted in the Neotropics (see for example: Mendenhall et al., 
2016; Philpott et al., 2008) while the conservation value of Afrotropical agricultural land-
scapes is less well understood (Waltert et al., 2011).  
Madagascar is country with particular importance for global conservation. The country has 
lost around 44% of forest cover since the 1950s, mainly due to transformation to agricul-
tural lands (Vieilledent et al., 2018). This is threatening many species (Jones et al., 2019c), 
and in concert with unsustainable extraction rates (Borgerson et al., 2019), leads to more 
than half of evaluated Malagasy species being at risk of extinction (IUCN, 2018). Madagascar 
also has outstanding levels of endemism (Brown et al., 2016; Goodman & Benstead, 2005) 
and ongoing threats, thus qualifying Madagascar as a global biodiversity hotspot (Myers et 
al., 2000). While the forests and protected areas of the island are increasingly well surveyed 
for biodiversity, the biodiversity in the agricultural landscapes has largely been neglected 
(reviewed in Irwin et al., 2010 and exemplified in Hending et al., 2018; Martin et al., 2020a; 
Martin et al., 2012; and Ndriantsoa et al., 2017).   
The amphibians and reptiles of Madagascar are characterised by high species richness and 
a high percentage of endemic species. The number of Malagasy amphibian species is cur-
rently estimated at around 369 (AmphibiaWeb, 2020) and that of reptiles at around 440 
species (Reptile Database, 2020). Nevertheless, many species still await discovery and/or 
description, suggesting that total species richness will increase further by continuous dis-
covery (Vieites et al., 2009). Furthermore, almost all native amphibian species and 91% of 
reptile species of Madagascar are endemic (Goodman & Benstead, 2005). However, from 
other regions we known that the herpetofauna is very sensitive to various anthropogenic 
threats including chytrid fungi (Hof et al., 2011; O’Hanlon et al., 2018), environmental pol-
lution (Hof et al., 2011), collection for pet trade (Marshall et al., 2020), climate change (Hof 
et al., 2011; Raxworthy et al., 2008) and conversion of forest habitat into agricultural lands 
(Doherty et al., 2020; Hof et al., 2011; Palacios et al., 2013).  
 94 
North-eastern Madagascar is the most densely forested region of Madagascar (Vieilledent 
et al., 2018) and global priority area for amphibian research (Nori et al., 2018). Besides be-
ing known for its remarkable biodiversity, north-eastern Madagascar is also known for va-
nilla cultivation (Hänke et al., 2018). The price boom of the spice over the last four years has 
triggered an expansion of vanilla agroforests (Llopis et al., 2019), and nowadays roughly 
80% of rural households in the study region farm vanilla (Hänke et al., 2018). Vanilla is thus 
the main cash crop in the region. Importantly, vanilla agroforests differ in land-use history: 
They are either established directly inside forest via cutting of forest understory, which is 
replaced by the planting of vanilla vines and their support trees, i.e. forest-derived vanilla 
or on historically forested open land, i.e. fallow-derived vanilla (Martin et al., 2020b). Be-
sides farming vanilla, the rural population also practices shifting cultivation for hill rice pro-
duction. Valleys and plains in the study region are commonly occupied by irrigated rice pad-
dies, forming the backbone of the staple crop supply. The remoteness and difficult logistic 
conditions of the region might explain why few researchers are conducting fieldwork in 
north-eastern Madagascar (Gehring et al., 2010). Furthermore, the completed research in 
this area has, like in the rest of the country, focused on protected forest areas (Irwin et al., 
2010). This is resulting in a lack of studies concerning biodiversity associated with the ag-
ricultural landscape outside protected areas, despite that this landscape actually occupies 
more land than the remaining primary forest (Vieilledent et al., 2018). To understand how 
the agricultural landscape can contribute to amphibian and reptile diversity, it is imperative 
to collect data outside the protected areas of north-eastern Madagascar.  
In this study, we assessed amphibian and reptile diversity of the small-scale agricultural 
landscape mosaic outside the protected areas and study the role of different land-use types 
in conserving amphibian and reptile diversity in north-eastern Madagascar. In particular, 
we compare diversity and community composition of amphibians and reptiles across six 
land-use types within the smallholder-dominated agricultural landscape and within old-
growth forests inside a national park. We specifically studied vanilla agroforests of con-
trasting land-use history (forest- and fallow-derived vanilla), herbaceous fallow, woody fal-
low, rice paddy, forest fragment and old-growth forest inside Marojejy National Park with 
ten to twenty replicates each. We hypothesize higher species richness in lower intensity 
land-use types and a unique community composition for old-growth forest. 
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5.3 Methods 
5.3.1 Study region and study design 
We conducted our study in the SAVA region in north-eastern Madagascar (Figure 5.1 A & 
B). The climate is tropical-humid with an average annual temperature of 24 °C and rainfall 
of 2223 mm (mean across 80 plots, according to (Karger et al., 2017)). The landscape was 
formerly covered with humid evergreen forest (Du Puy & Moat, 1996), but forests are now-
adays highly fragmented or restricted to National Parks (Vieilledent et al., 2018). 
 
Figure 5.1: Study design overview. A: SAVA region in north-eastern Madagascar; B: study area 
within SAVA region; C: study design showing the distribution of 80 plots in ten villages and in two 
sites inside Marojejy National Park; D: overview of studied land-use types and typical land-use 
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transformation trajectory from old-growth forest to forest fragments and agricultural land-uses. Rice 
paddy is not part of the main land-use trajectory. 
We collected data at low to mid-altitude, 7-819 m above sea level (mean = 192 m±207 m). 
surrounding ten villages and in a protected area (63.75% of the plot less than 200 m, 22.5% 
between 200-500 m and 13.75% higher than 500 m). In each village, we chose seven plots: 
Three vanilla agroforests (forest-derived vanilla and/or fallow-derived vanilla), one forest 
fragment, one herbaceous fallow, one woody fallow, and one rice paddy. Additionally, we 
chose ten plots at two sites (5 plots each) inside Marojejy National Park in low altitude old-
growth forest. The fallow-derived vanilla was replicated twenty times while all other land-
use types were replicated ten times. The minimum average distance between one plot and 
the next closest plot was 719 m± 438 m, while the smallest distance between two plots was 
260 m. Overall, we surveyed 80 plots of seven land-use types (Figure 5.1 C & D).  
5.3.2 Sampled land-use types 
We selected 10 old-growth forest plots at two sites with 5 plots each. One of the sites has 
experienced some selective logging in the past but is now well protected (touristic zone in 
Manantenina valley), the other one still suffers from occasional selective logging and trap-
ping (Bangoabe), but we chose plots that did not show signs of recent disturbance. The old-
growth forest plots are a minimum of 300 m from the National Park boundary.  
In the study region, forest fragments occur dispersed around villages and are remnants of 
the continuous forest cover that existed in the region until large scale deforestation began 
in the early 20th century. The 10 fragments have not burnt but are all heavily used for con-
struction wood, firewood and other natural products. Few large trees remain in those frag-
ments.  
Herbaceous fallows occur after shifting hill rice cultivation (locally referred to as tavy) and 
are sometimes grazed by cows. Those herbaceous fallow plots selected for this study had 
last burned at the end of 2016, one year before the onset of data collection in 2017. 
Woody fallows are following the succession form herbaceous fallows, containing shrubs and 
small trees. Woody fallows also are occasionally grazed by cows. Those woody fallows in 
our study had last burnt 4-16 years before the onset of data collection in 2017. 
Vanilla is the main cash crop in north-eastern Madagascar and widely planted throughout 
the study region. Vanilla is farmed in agroforestry systems with distinct land-use histories 
(following Martin et al., 2020b): in the first type of agroforest, vanilla is directly planted into 
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the forest after removing understory trees and shrubs while some tall trees are kept for 
shade. We thus call these agroforests ‘forest-derived’. In the second type, vanilla is planted 
on fallow land which resulted from shifting cultivation. In these ‘fallow-derived’ vanilla ag-
roforests, farmers leave small trees to regenerate or plant trees as support trees for vanilla 
vines or for shade. In the 10 villages, we initially selected 30 vanilla agroforests along a can-
opy cover gradient. After consultation with the agroforest owner and a visual confirmation 
on the plot, we found that 20 agroforests were fallow-derived while 10 agroforests were 
forest-derived. This approach allows us to understand the response of amphibians and rep-
tiles to land-use history of vanilla agroforests. 
Lastly, we studied irrigated rice paddies that occur throughout the whole study region and 
are often situated in valley bottoms and plains. Rice is planted and harvested between one 
to three times per year. The rice paddies chosen for our study had wider-than-average 
banks to facilitate movement within the plots.  
5.3.3 Sampling and data collection 
To collect data in the villages, we organized two sampling campaigns during the driest pe-
riod of the year (October to December 2017 and late August to December 2018) and one 
campaign during the wettest period (Mid-January to early April 2018). To collect data in 
Marojejy National Park, we organized two sampling campaigns during the driest period of 
the year (late August – early September 2018 and December 2018) and one during the wet-
test period (February 2019). During each campaign, we visited each plot once during the 
day (08:00 - 17:00) and once at night (18:30-23:00). Overall, we thus visited each plot six 
times, three times during the day and three times at night; four times during the driest pe-
riod of the year and two times during the wettest period of the year. 
We collected data on the amphibian and reptile community during time-standardized 
search (Kadlec et al., 2012). During the walk search, we systematically searched the com-
plete circular plot of 25 m radius in a zig-zag pattern (Kadlec et al., 2012). 
Each walk search was standardized to 45 minutes of searching time by two observers. With 
three nocturnal and three diurnal visits, we thus conducted 270 minutes of searching time 
by two people on each plot, summing up to 408 hours of searching time over all plots. To 
detect individuals hiding under rocks, in leaf axils, tree barks, tree holes, leaf litter or dead 
wood, we actively checked those microhabitats and lifted removable rocks and deadwood 
to check underneath.  
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Upon encountering an individual, we stopped our stopwatch to halt the searching time. We 
then identified all individuals to species level using morphological characteristics following 
the field guide to Amphibians and Reptiles of Madagascar (Glaw & Vences, 2007) and addi-
tional literature (Rakotoarison et al., 2017; Ratsoavina et al., 2019). For those individuals 
for which we could not identify in the field, we extracted tissue samples for DNA analysis 
and/or collected the specimen. We released all individuals which we did not collect as a 
specimen at the place where we captured them. We then resumed the searching time so that 
the searching time was independent of the abundance and diversity of amphibians and rep-
tiles during a given transect. Throughout this manuscript, we refer to each encountered in-
dividual as an ‘encounter’ rather than an individual as we cannot exclude the possibility of 
having encountered the same individual at more than one sampling event. 
5.3.4 Species identification with DNA samples 
We collected muscle or toe clips as tissue samples of individuals in those cases where the 
identification based on morphological characteristics was not possible or in cases we had 
doubts. We collected 498 tissue samples for DNA barcoding, conserved in 90% ethanol, 
stored and analysed at the Evolutionary Biology laboratory (Group Vences). We used DNA 
barcoding based on fragments of the mitochondrial 16S and COI genes for PCR with primers 
16SAL/16SBH and the COI reptile primers. Obtained sequences were compared with data 
on GenBank. We collected voucher specimens, euthanized, preserved in ethanol 70% for 
amphibians and 90% for reptiles, and stored at Regional University Centre of SAVA region 
(CURSA).  
5.3.5 Data analysis and visualization: species richness and abundance 
To analyse the mean of variance of plot-level species richness across land-use types, we ap-
plied an ANOVA using the aov function and Tukey HSD test to evaluate the multiple pair-
wise-comparison using the glht function in the R-package ‘multcomp’ (Hothorn, 2020). 
We used encounter data to compute species accumulation curves using sample-size-based 
rarefaction and extrapolation (Hsieh et al., 2016) in the iNEXT package to assess the diver-
sity (species richness, Shannon and Simpson diversity) across land-use types using the Hill 
number framework (Chao et al., 2014). 
To display the total species diversity in each land-use type we subsampled 10 plots within 
20 plots of fallow-derived vanilla. To do so, we firstly randomly selected one fallow-derived 
vanilla plot from each village. As one of the villages lacks fallow-derived vanilla plots 
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(Andramanolotra, see Figure 5.1), this resulted in 9 plots. To facilitate the comparison to 
the other six land-use types, with 10 replicates, we proceed to select one additional plot 
from the remaining fallow-derived vanilla plots, enabling a fair comparison of total species 
diversity across 10 plots of each land-use type. 
5.3.6 Data analysis and visualization: species composition 
To evaluate the differences in species composition across land-use types, we used the 
metaMDS (with 1000 permutation) function and computed the pairwise difference using 
the Adonis function of the R-package ‘vegan’. We used non-metric dimensional scaling to 
visualize the dissimilarity of species composition. We plotted the proportion of encounters 
for each species across land-use types to visualize forest dependency. We conducted all sta-
tistical analyses and prepared all figures in R version 3.5.1 (R Core Team, 2019). 
5.4 Results
5.4.1 Encounters and species richness
In total, we made 6215 encounters and found 119 species of amphibians and reptiles. The 
3694 amphibian encounters resulted in 58 species. The most species-rich genera were 
Boophis (11 species) and Gephyromantis (10 species). The 2521 reptile encounters resulte 
in 61 species of reptiles of 5 families and 28 genera (SI Chapter 5, Table 12.15). We could 
not identify 9 species and recognized 12 new candidate species (SI Chapter 5, Table 12.15). 
16 reptile and 6 amphibian species encountered are near-threatened or threatened accord-
ing to the red list (IUCN, 2018; SI Chapter 5, Table 12.15); 11 and 5 of them, respectively, 
only occurred in old-growth forest.
Plot-level amphibian species richness (Figure 5.2 A; SI Chapter 5, Table 12.16) differed sig-
nificantly among land-use types (f (6.73) = 19.59, p-value <.001). A Tukey post-hoc test re-
vealed significant pairwise differences between some land-use types: Old-growth forest 
plots have the highest average species richness and rice paddy plots the lowest. Forest-de-
rived vanilla, fallow-derived vanilla, woody fallow, and herbaceous fallow show no signifi-
cant differences. Old-growth forests had a significantly higher species richness than any 
other land-use type (SI Chapter 5, Table 12.16).
Concerning reptiles (Figure 5.2 B; SI Chapter 5, Table 12.17), we found a statistically signif-
icant difference in mean species richness between land-use types (f (6.73) = 18.55, p-value 
<.001). Tukey post-hoc test revealed non-significant pairwise difference between old-
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growth forest and forest fragment (p-value = 0.88) and between old-growth forest and for-
est-derived vanilla (p-value = 0.77), and they presented the highest mean species richness 
between land-use types. Rice paddy presents the lowest species richness but the difference 
between herbaceous fallow and rice paddy was not significant (p-value = 0.19). Forest-de-
rived and fallow-derived vanilla showed a significant difference (p-value = 0.01; Figure 5.2 
B; SI Chapter 5, Table 12.17).
 
Figure 5.2: Plot-level amphibian (A) and reptile (B) species richness across seven land-use types 
(replicated 10 times each except fallow-derived vanilla, which is replicated 20 times). The dots rep-
resent the species richness per plot in each land use. The black horizontal line in the box shows the 
median. Land use types with letters in common did not differ significantly based on pairwise com-
parisons that controlled for inflated false positive errors using the Tukey HSD approach (Numeric 
results in SI Chapter 5: amphibians Table 12.16 & reptiles Table 12.17).
5.4.2 Accumulated species diversity 
Encounter-based accumulation curves revealed the highest species diversity in old-growth 
forest (for amphibians and reptiles) and the lowest in rice paddy for amphibians but in her-
baceous fallow for reptiles (Table 5.1 & Figure 5.3). The overlap of the 95% confidence 
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interval of extrapolated amphibian richness for old-growth forest and forest fragment in 
(Figure 5.3 A) indicates no differences in species richness. We found no overlap of extrapo-
lated amphibian richness between burned and unburned land-use types (Figure 5.3 B). Ac-
cumulated amphibian diversity of old-growth forest was significant different to all other 
land-use types for the Hill numbers q = 1 (Shannon diversity) and q = 2 (Simpson diversity). 
Accumulated amphibian diversity of forest fragment and forest-derived vanilla agroforest 
did not differ significantly to burned land uses, except to rice paddy for both q = 1 and q = 
2. We found no difference in extrapolated reptile richness among unburned and burned 
land-use types respectively (Figure 5.3 C & D) but for q = 1 and q = 2. The species diversity 
drops stronger in amphibian than reptiles from 0D (species richness) to 1D (Shannon diver-
sity) and 2D (Simpson diversity; Figure 5.3; SI Chapter 5, Table 12.18 & Table 12.19), high-
lighting that amphibian communities were more uneven than reptile communities.
 
Figure 5.3: Encounter-based accumulation curves showing interpolation (solid line) and extrapola-
tion (dotted line) for amphibians (A, B) and reptiles (C, D). Unburned (A, C) and burned (B, D) land-
use types are separated. The species richness represented by q = 0 (left panel), Shannon diversity, 
q=1 (middle panel) and Simpson diversity q = 2 (right panel) with 95% confidence intervals (shaded 
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areas) for the amphibian and the reptile data at seven land-use types. The solid dots, triangles and 
diamonds represent the reference samples, i.e. the number of encounters and species richness. 
Table 5.1: Amphibian and reptile species diversity (q = 0) for all land-use types and separated per 
land-use type showing the observed and extrapolated species diversity. Each land-use type is repre-
sented by 10 plots; for fallow-derived vanilla, the 10 plots are down-sampled from 20 plots. Extrap-
olated species diversity is based on 5000 encounters and includes the lower and upper 95% confi-
dence interval in italics below. See SI Chapter 5 for results of q = 1 and q =2 (amphibians: Table 12.18; 
reptiles: Table 12.19).




















































































































20.4 - 99.6 
46.1 
12.4 - 79.8 
18.0 
9.1 - 26.9 
25.0 
7.0 - 42.9 
9.0 
7.4 - 10.6 
6.5 
3.9 - 9.1 
5.0 
4.3 - 5.6 
Reptile 
(observed) 





20.4 - 63.5 
40.1 
10.2 - 69.9 
35.1 
18.2 - 52.4 
26.9 
8.2 - 45.7 
46.6 
11.5 - 81.7 
8.0 
6.8 - 9.2 
18.9 
4.3 - 33.4 
Total 
(observed) 
119 66 56 44 34  27 14 15 
5.4.3 Species composition and forest dependency 
The species composition showed significant differences between land-use types in the 
NMDS ordination (R2 = 0.50, p-value<.001, Df = 6). The dissimilarity in species composition 
between all land-use types was larger in the amphibian community than in the reptile com-
munity. Old-growth forest communities were significantly different to all other land-use 
types in both species groups. For amphibians, the species community in rice paddy was also 
significantly different from other land uses. For both amphibians and reptiles, the overlap 
of ordihull-graphs represent a similar species community in forest fragment, forest-derived 
vanilla, fallow-derived vanilla, woody fallow and herbaceous fallow (Figure 5.4 A & C). Cal-
culated forest dependency of all species showed that 38% of amphibians and 26% of rep-
tiles occurred exclusively in old-growth forest (Figure 5.4 B & D). Amphibians are thus more 
dependent on old-growth forest than reptiles. 
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Figure 5.4: Species composition across seven land-use types. Non-metric dimensional scaling 
(NMDS) showing community dissimilarity of amphibian (A) and reptile communities (C). All 58 am-
phibian species with 3694 encounters (B) and all 61 reptile species (D) with 2521 encounters by 
forest dependency rank. 38% of amphibian species and 26% of reptile species exclusively occurred 
in old-growth forest, despite only accounting for 12.5% of the plots. 
5.5 Discussion 
This study represents the first comprehensive assessment of the response of amphibian and 
reptile diversity to land-use change in the biodiversity hotspot of north-eastern Madagas-
car. We found a very high species richness of both amphibians and reptiles, with up to 12 
and 14 species, respectively, on a plot-level, and 58 and 61 species, respectively, across all 
plots. Old-growth forest showed significant differences to all other land-use types in terms 
of total species richness and community composition. Rice paddy and herbaceous fallow 
 104 
harboured the lowest species richness. Significant differences in species richness per plot 
between forest-derived and fallow-derived vanilla agroforests existed only for reptiles. 
Woody fallow, herbaceous fallow and rice paddy do not harbour unique species. Im-
portantly, we found that amphibians and reptiles responded differently to land-use history. 
After any kind of forest conversion, amphibian species communities were drastically 
smaller and showed high species turnover compared to forest. In reptile communities, the 
forest conversion through slash-and-burn showed a strong species loss as well, but losses 
were less pronounced under conversion to forest fragment or forest-derived vanilla agro-
forest, which refrain from using slash-and-burn.  
5.5.1 Outstanding diversity of amphibians and reptiles in Madagascar’s north-east 
The diversity of amphibians and reptiles documented here is outstanding, both within Mad-
agascar and compared to other tropical biodiversity hotspots. On the plot level, we found 
up to 12 amphibian and 13 reptile species within a 25 m radius, summing up to 119 species 
overall (58 amphibian and 51 reptile species). Other studies investigating the response of 
amphibian communities to land-use change in Madagascar (Ndriantsoa et al., 2017; Vallan, 
2000) found lower overall values, with 62 and 28 species, respectively; and Andreone et al. 
(2000) found 42 amphibian and 23 reptile species in a rainforest in north-eastern Mada-
gascar. The only study coming close to the diversity documented here is also from north-
eastern Madagascar, obtaining records for 80 amphibian 52 reptile species (Rabearivony et 
al., 2015) in a forest corridor. This highlights that the north-east of Madagascar is the most 
species rich region for the two groups within Madagascar, as suggested in previous biogeo-
graphic analysis (Brown et al., 2016). The documented diversity also exceeds values found 
in other tropical biodiversity hotspots – for example Gillespie et al. (2012) found 31 am-
phibian species in forest fragments of Borneo, Mendenhall et al. (2014) found 67 species of 
amphibians and reptiles along a land-use gradient in Costa Rica, Kurz et al. (2014) found 25 
amphibian and 20 reptile species, also in Costa Rica, while Wanger et al. (2010) documented 
8 amphibian and 12 reptile species across 31 plots in Sulawesi, Indonesia. Lastly, Paoletti et 
al. (2018) located 29 amphibian and 15 reptiles species across various land-use types in 
Sumatra, Indonesia. 
Firstly, these results reflect the extraordinary species diversity of amphibians (Vieites et al., 
2009) and reptiles (Brown et al., 2016) in Madagascar; indeed the diversity of both taxa 
alone exceeds, for example, the number of bird species (57) found within the same 80 plots 
(Martin et al., 2020a). Secondly, the high species diversity is also driven by an extensive 
sampling effort, in terms of plots (80), land-use types (7), and search effort (total of 270 min 
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searching time by two observers per plot), and is also enhanced by the use of DNA sample 
for species identification. Thirdly, the recorded species richness underlines the importance 
to study (Nori et al., 2018) and conserve (Jenkins et al., 2014) this extraordinary diversity 
in Madagascar. 
5.5.2 Response of amphibian diversity to land-use change 
We found a strong negative response of amphibian species richness to any form of old-
growth forest conversion. Old-growth forest had a significantly higher species richness than 
all other land-use types, a unique species composition, and 38% of species exclusively oc-
curred in old-growth forest. Also, 5 of the 6 near-threatened or threatened amphibian spe-
cies found occurred exclusively in old-growth forest. Only forest fragments could rival old-
growth forests in terms of accumulated species richness (q = 0), but values for Shannon 
diversity (q = 1) and Simpson diversity (q = 2) were significantly lower in forest fragments, 
demonstrating that old-growth forest plots were more uneven due to many rare species. In 
sum, we found that amphibians are extremely sensitive to habitat change in north-eastern 
Madagascar; more so than reptiles (see 5.5.3) or birds (Martin et al., 2020a) along the same 
land-use gradient. This result is in line with findings from the only other study on amphibian 
communities in disturbed habitats of eastern Madagascar: Ndriantsoa et al. (2017) show 
strongly impoverished frog communities in secondary vegetation and rice fields compared 
to forests. Importantly, forest fragments were the only other land-use type that is of greater 
relevance for amphibians, as highlighted by the high accumulated species diversity, which 
has non-overlapping confidence intervals with all other land-use types within the agricul-
tural landscape, the significant number of unique species, and the species composition most 
similar to old-growth forest. The importance of forest fragments for Malagasy amphibians 
is also recognised by others (Riemann et al., 2015; Vallan, 2000), who also conclude that 
forest fragments cannot substitute continuous old-growth forest but that they are im-
portant in maintaining amphibian diversity within the agricultural landscape. Similarly, 
small forest elements within the agricultural landscape strongly contributed to the available 
habitat of forest-dependent amphibians and reptiles in Costa Rica (Mendenhall et al., 2014). 
There are various factors that could explain the strong negative response of amphibians to 
forest fragmentation and deforestation. Many amphibian species rely on moist environ-
ments to avoid dehydration (Clarke, 1997), especially those living in moist evergreen rain-
forest habitat (Hof et al., 2011). Given the severe changes in microclimate that come with 
selective logging, forest fragmentation, and deforestation (Ewers & Banks-Leite, 2013), 
many species may struggle to cope. Furthermore, amphibians rely on a plethora on different 
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microhabitats, depending on the species (Hof et al., 2011). Such microhabitats are being lost 
in concert with the forest structure, making new habitats unsuitable. The loss of microhab-
itats could also be the reason for the loss of accumulated species richness (q = 0) and shifts 
in species composition under the transformation of forest fragments to forest-derived va-
nilla agroforestry. 
The role of the other land-use types (fallows that form part of the shifting cultivation cycle, 
vanilla agroforests, and rice paddies) are of minor importance for amphibian and reptile 
conservation, given the low diversity and abundance of common species. Nonetheless, am-
phibians could play an important functional role in these habitats: abundance of amphibi-
ans is high throughout, reflected by high number of encounters, particularly in rice paddies. 
Indeed, they may be an important food source for other taxa or could provide pest control 
services (Hocking & Babbitt, 2014). 
5.5.3 Response of reptile diversity to land-use change 
We found a strong effect of land-use history on reptile diversity: Non-burned land-use types 
(old-growth forest, forest fragments, and forest-derived vanilla agroforests) had signifi-
cantly higher plot-level species richness, a higher accumulated species richness, more une-
ven communities, more unique species, and largely distinct species composition compared 
to burned land-uses (herbaceous fallow, woody fallow, fallow-derived vanilla agroforest) 
and rice paddy. Within the non-burned land-use types, old-growth forest stood out with a 
unique species composition and 26% of species detected only occurring therein (while ac-
counting for 12.5% of sampling effort). Furthermore, 11 out of 16 near-threatened and 
threatened reptile species exclusively occurred in old-growth forest. This is, to our 
knowledge, the first study shedding light on the response of reptiles to land-use change in 
the humid eastern Madagascar. Studies from the drier south of the country (Gardner et al., 
2016; Nopper et al., 2018; Scott et al., 2006) show that Malagasy reptile species react less 
strongly to habitat change than other taxa (Scott et al., 2006), especially if diurnal (Nopper 
et al., 2018). Similarly, we find that amphibians (see 5.5.2), birds (Martin et al., 2020a) and 
trees (Osen et al., in review) react more strongly under the conversion of old-growth forest 
to forest fragments and forest-derived vanilla agroforests. However, also reptile diversity 
was greatest in least disturbed habitats in southern Madagascar (Gardner et al., 2016) and 
old-growth forests harboured a unique species composition in this study. These findings 
underpin the need for the conservation of the least disturbed habitats for reptiles; a key 
finding of a meta-analysis (Doherty et al., 2020). Importantly, Doherty et al. (2020) also 
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demonstrate that small-ranged species are more sensitive to habitat modification, possibly 
highlighting a thread for micro-endemic reptile species (Brown et al., 2014). 
Importantly, we demonstrate how slash-and-burn of non-burned land-use types, usually 
old-growth forest and forest fragments, for shifting hill rice cultivation will decimate reptile 
diversity. Also, the rehabilitation of trees on resulting fallow land through fallow-derived 
agroforestry (Martin et al., 2020b) can only restore the land in part (more on agroforests in 
5.5.4). This may be as burning destroys multiple micro-habitats on which reptiles rely, such 
as leaf litter or dead wood (Urbina-Cardona et al., 2006). This theory is further supported 
as habitat conversion without the use of fire, i.e. the establishment of forest-derived vanilla 
agroforests, comes with little change for reptiles.  
Interestingly, the stronger effects of land-use change on amphibians than reptiles in tropical 
landscapes has also been demonstrated by others (Kurz et al., 2014; Paoletti et al., 2018; 
Wanger et al., 2010) and was found in a review by Palacios et al. (2013). This may be due to 
the high thermotolerance of reptiles, which may be advantageous in more open, hotter and 
drier environments (Doherty et al., 2020). However, the review of Palacios et al. (2013) 
identifies a negative change in reptile abundance under the conversion of forests into agro-
forests/plantations, something that we could not find. 
5.5.4 Land-use history of vanilla agroforests matters for reptiles but not amphibi-
ans 
Vanilla agroforests are an important land-use type in the study region and provide income 
for smallholder farmers (Hänke et al., 2018). Assessing their conservation value for amphib-
ians and reptiles is thus an important undertaking which has not been done previously, in 
contrast to other agroforestry systems (Palacios et al., 2013). Importantly, we differentiated 
between those vanilla agroforests that are established inside forests, i.e. forest-derived va-
nilla agroforests, and those that are established on fallow land, i.e. fallow-derived vanilla 
agroforests, thereby explicitly accounting for land-use history (Martin et al., 2020b). For 
amphibians, we found no differences between the two kind across metrics. Instead, reptile 
communities in forest-derived vanilla agroforests were significantly more species rich on 
the plot level, more species rich overall, more uneven, and compositionally different. Reptile 
communities in forest-derived vanilla agroforests were thus more similar to communities 
found in forest fragments and old-growth forests, whereas those communities in fallow-
derived vanilla agroforests were most similar to fallow land, thereby resembling the land-
use types agroforests were derived from. Importantly, we also show an increase in 
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accumulated species richness for fallow-derived vanilla agroforest over fallow land, high-
lighting a rehabilitation opportunity of fallow land through agroforestry.  
These finding align, firstly, with predictions from a recent review concerning the land-use 
history of agroforestry systems (Martin et al., 2020b), and, secondly, with a review  that 
shows a decrease of amphibian richness when forests are compared to agroforests and 
plantations (Palacios et al., 2013). We further hypothesize, that the strong importance of 
forest-derived vanilla agroforests for reptiles may be in part driven by leaf-litter depth. In-
deed, leaf litter is deeper in forest-derived agroforests (mean: 5.18 cm, SD ± 3.40 cm) than 
in fallow-derived agroforests (mean: 0.819 cm, SD ± 1.42 cm), and leaf litter depth is known 
to positively influence reptile diversity and abundance (Urbina-Cardona et al., 2006). How-
ever, the same study also showed positive effects of leaf litter depth and cover on amphibi-
ans and can thus not explain, why there are no differences between the two kind of agrofor-
ests for amphibians. However, other factors such as canopy cover and stem density differ 
between agroforests in our study (Osen et al., in review), calling for further investigation 
combining habitat characteristics with species traits (Oliveira et al., 2017) to elucidate the 
drivers of change in both species groups. 
5.5.5 Conservation implications 
The strong response of amphibians to old-growth forest modification, of any form, calls for 
the protection of remaining old-growth forests. Additionally, conserving forest fragments 
within the agricultural landscape will be important to many reptile and amphibian species 
that are absent from many of the other land-use types. This is particularly important given 
widespread micro-endemism for both species groups (Brown et al., 2014), suggesting that 
forest needs to be protected everywhere as certain, possibly undescribed (Vieites et al., 
2009), taxa may only occur in few fragments. The protection of forests of all sizes through-
out the region is also important under a warming climate (Hof et al., 2011; Raxworthy et al., 
2008) and in light of emerging threats, such as the chytrid fungi (Kolby & Skerratt, 2015; 
O’Hanlon et al., 2018) and the recent uncontrolled spread of the invasive Asian common 
toad (Duttaphrynus melanostictus) that will threaten amphibians in the future (Pearson, 
2015). We further show, that while diverse agroforestry systems play a limited role for rare 
amphibians, they may be more important for reptile species who prefer forest-derived va-
nilla agroforests over shifting cultivation and fallow-derived agroforests. Supporting the 
maintenance of forest-derived vanilla agroforests while avoiding the establishment of new 
forest-derived vanilla agroforests, which represent a degradation of forests (Martin et al., 
2020b), should thus be a priority. These conservation needs are further underscored by the 
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exceptional diversity of reptiles and amphibians in north-eastern Madagascar as well as by 
the high proportion of endemic species. 
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6.1  Abstract 
Agroforestry can contribute to an increase in tree cover in historically forested tropical 
landscapes with associated gains in biodiversity and ecosystem functioning, but only if es-
tablished on open land instead of underneath a forest canopy. However, declines in yields 
with increasing shade are common across agroforestry crops, driving shade-tree removal 
in forest-derived agroforests and hindering tree regrowth in open-land-derived agrofor-
ests. To understand trajectories of change in tree cover in forest- and open-land-derived 
agroforests, and the impacts of tree cover on vanilla yields, we studied 209 vanilla agrofor-
ests along an 88-year chronosequence in Madagascar. Additionally, we used remotely-
sensed canopy cover data to investigate tree cover change in the agricultural landscape. We 
found yields to vary widely but independently of canopy cover and land-use history (forest- 
vs. open-land-derived), averaging at 154.6 kg ha-1 yr-1 (SD ± 186.9). Furthermore, we found 




that only open-land-derived agroforests gained canopy height. Canopy cover increased also 
at the landscape scale: areas in the agricultural landscape with medium initial canopy cover 
gained 6.4% canopy cover over 10 years, but canopy cover decreased in areas with high 
initial canopy cover. These opposing trends suggest tree cover rehabilitation across areas 
covered by vanilla agroforests, whereas remnant forest fragments in the agricultural land-
scape were transformed or degraded. Our results indicate that yield-neutral tree rehabili-
tation through open-land-derived agroforestry could, if coupled with effective forest pro-
tection, provide benefits for both ecosystem functions and agricultural production in a 
smallholder-dominated agricultural landscape. 
Keywords: agroecology, agroforestry, canopy cover, ecosystem services, land-use history, 
Madagascar, rehabilitation, restoration, vanilla, yield 
6.2 Introduction 
Rehabilitation of historically forested open land is widely advocated to re-establish connec-
tivity and increase ecosystem functions in tropical rainforest landscapes (Bastin et al., 2019; 
Chazdon, 2003). To date, governments and institutions have pledged to restore 140 million 
hectares of land in the tropics (Brancalion et al., 2019). However, realizing those pledges 
could jeopardize food security if tree cover restoration replaces cropland, casting doubt on 
their feasibility (Eitelberg et al., 2016) and desirability (Holl & Brancalion, 2020). In this 
light, agroforests may provide an opportunity to combine trees with agricultural production 
on the same land (De Beenhouwer et al., 2016; FAO, 2017). Agroforests that are established 
on historically forested open-land hold a particularly large potential, because open-land-
derived agroforests rehabilitate selected ecosystem functions like erosion control or carbon 
storage on open land (Martin et al., 2020b). To describe this process, we specifically use the 
word ‘tree rehabilitation’ based on Chazdon et al. (2016), as the focus lies on the rehabilita-
tion of ecosystem functions, without necessarily restoring ecological integrity. In contrast 
to this, agroforests planted under the canopy of existing forests typically contribute to forest 
degradation (Martin et al., 2020b), thus hampering ecosystem functioning and ecological 
integrity (Coe et al., 2013; McDowell et al., 2020). 
Nonetheless, trade-offs between shade cover and yields are common across many key ag-
roforestry crops (Tscharntke et al., 2011), limiting the potential of these agroforestry sys-
tems to contribute to tree rehabilitation in tropical rainforest landscapes. Such shade-yield 
trade-offs are exemplified in coffee and cacao agroforests (Blaser et al., 2018; Steffan-
Dewenter et al., 2007), where felling trees is typically beneficial to farmers aiming at 
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optimizing yields. Finding a balance between ecosystem services, biodiversity and profita-
bility thus requires targeted incentives. In their absence, a decrease in canopy cover and 
tree height over time commonly occurs (Tscharntke et al., 2014), but time series or chron-
osequences, which are necessary to identify trends, are rare (see Nijmeijer et al. (2019) for 
an exception). Finding farming techniques or crops where such trade-offs do not inherently 
occur would, on the other hand, offers an opportunity to profitably farm crops in high-shade 
agroforestry systems without the need for further incentives.
One candidate crop where shade-yield trade-offs are currently unknown is the spice vanilla. 
When farmed in agroforestry systems, the vanilla orchid (Vanilla planifolia) is typically 
grown on support trees which act as a climbing structure for the non-woody vine (Correll, 
1953). Vanilla flowers are then hand pollinated and green pods are harvested nine months 
later. The green pods are subsequently cured, thereby developing their distinct flavour and 
black colouration while losing roughly 80% of their weight (Havkin-Frenkel & Belanger, 
2018). The resulting black vanilla has strongly increased in price from 2012 to 2019, trig-
gering the expansion of vanilla farming in Madagascar (Hänke et al., 2018; Llopis et al., 
2019; SI Chapter 6, Figure 12.5).
In north-eastern Madagascar, vanilla is the main cash crop for smallholder farmers (Hänke 
et al., 2018) who farm the bulk of Madagascar’s 40% share on the world market (FAO, 
2020). Here, vanilla is almost exclusively produced in rather extensively managed agrofor-
estry systems without the application of fertilizers, herbicides and pesticides. This is partly 
in contrast to other production areas, such as La Réunion or Mexico, where artificial shade 
houses are common (Havkin-Frenkel & Belanger, 2018). These extensively managed vanilla 
agroforests also have value for biodiversity: various endemic lemur species live in diverse 
agroforests (Hending et al., 2018) and vanilla agroforests have a more diverse avifauna than 
open land uses (Martin et al., 2020a). Other prominent land uses in the Malagasy vanilla 
region include remnant forest fragments, irrigated rice paddies and hill rice fields with the 
associated herbaceous and woody fallows, that form part of the shifting cultivation cycle, 
locally known as tavy (Martin et al., 2020a; Styger et al., 2007). The first cycle of shifting 
cultivation, where fire is used to convert forest into hill rice fields, is the main reason for 
forest loss in the region (Schüßler et al., 2020; Zaehringer et al., 2015). This dynamic is con-
sistent with trends across most of Africa, but contrasts with trends in the remaining tropics 
(Curtis et al., 2018; van Vliet et al., 2012).
Vanilla agroforests may be established inside forest fragments or on open fallow land, 
thereby differing in land-use history (Martin et al., 2020b). Forest-derived vanilla
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agroforests degrade the forest they are established in but will typically outperform shifting 
cultivation, i.e. the replacement of forest with hill rice cultivation, for ecosystem functions 
and biodiversity (Martin et al., 2020b). Open-land-derived agroforests may instead restore 
land formerly under hill rice cultivation by rehabilitating tree cover and preventing the re-
occurring fires which characterize the shifting hill rice cultivation system (Holloway, 2004; 
Styger et al., 2007). In north-eastern Madagascar, 30% of vanilla agroforests are forest-de-
rived while 70% are open-land-derived (Hänke et al., 2018), further underlining the reha-
bilitation opportunity offered by open-land-derived agroforestry. The high potential for 
tree rehabilitation and habitat restoration in Madagascar is also recognized in a recent 
study by Brancalion et al. (2019), who attribute the 4th largest restoration opportunity area 
(in terms of benefits and feasibility) of lowland tropical rainforest to Madagascar. Simulta-
neously, the country is characterized by high levels of endemism (Goodman & Benstead, 
2005) and high deforestation rates (Harper et al., 2007; Vieilledent et al., 2018) and quali-
fies as a biodiversity hotspot (Myers et al., 2000). This exacerbates the need for both effec-
tive biodiversity conservation within the existing protected areas as well as restoration 
within the agricultural landscape. 
In this study, we 1) examined how land-use history, canopy cover, agroforest age, planting 
density and precipitation influence vanilla yields, 2) assessed tree rehabilitation dynamics 
across vanilla agroforests of different age and of contrasting land-use history, and 3) inves-
tigated how tree rehabilitation within vanilla agroforests may transform the landscape as a 
whole. To this end, we assessed vanilla yields, canopy cover and canopy height in 209 va-
nilla agroforests of contrasting land-use history and of different age (0 – 88 years), thus 
representing an 88-year chronosequence. Subsequently, we used remotely sensed canopy 
cover data to study canopy cover change from 2000-2010 on the landscape-scale. Based on 
previous studies from cocoa and coffee agroforests (Blaser et al., 2018; Jezeer et al., 2017; 
Perfecto et al., 2005), we expected vanilla yields to decline with increasing canopy cover. 
We further anticipated canopy cover and canopy height to decline with increasing age of 
forest-derived agroforests, but expected both variables to increase with age in open-land-
derived agroforests, in line with the predictions by Martin et al. (2020b). At the landscape-
scale, we presumed that the ongoing transformation of open fallow land into open-land-
derived agroforests may positively influence canopy cover around the villages. 
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Figure 6.1: Top row: Forest-derived vanilla agroforests are directly established inside forest. Middle 
row: Open-land-derived vanilla agroforests are established on open land, typically woody fallow. 
Bottom row: Vanilla pied (unit of vanilla vine and support tree) and agricultural landscape in north-
eastern Madagascar where the study took place. Colour labels indicate contrasting land-use history 
of vanilla agroforests and are used throughout the manuscript. All photos by the authors. 
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The SAVA region (25 518 km2 / Latitude: 14° 16′ S, Longitude: 50° 10′ E) of north-eastern 
Madagascar is the historic (Correll, 1953) and current (Hänke et al., 2018) center of global 
vanilla production and a biodiversity hotspot (Myers et al., 2000). Mean annual temperature 
is 23.7 °C and annual rainfall averages at 2238 mm (Mean across 209 focal agroforests; data 
from CHELSA climatologies (Karger et al., 2017)). In the southern part of the SAVA region, 
where we collected the data (SI Chapter 6, Figure 12.6), the natural vegetation is tropical 
rainforest (Vieilledent et al., 2018), but only 35% forest cover remains across the SAVA re-
gion (Ferreira Arruda, 2018).
6.3.2 Selection of vanilla agroforests 
We first selected 60 villages in a stratified-random way for a previous study (Hänke et al., 
2018). From those 60, we selected 10 villages in a nested stratified-random way that con-
trolled for village size. Specifically, we randomly selected two villages per village size cate-
gory (0-1000 people, 1001-2000 people, 2001-3000 people, 3000-4000 people, > 4000 peo-
ple). Within each village, we chose 14 households randomly from the 30 households in-
cluded in Hänke et al. (2018); however, 20 households opted out, leaving us with 120 house-
holds. 
We then visited accessible (< 4h walking return) vanilla agroforests; 33 households did not 
own any accessible vanilla agroforests and 27 had more than one agroforest, resulting in a 
sample of 123 agroforests owned by 87 households. After collecting data from those agro-
forests, but before doing any data analysis, we checked the number of forest- and open-
land-derived agroforests in the sample and realised that the number was uneven (36 vs. 
87).  
We thus decided to include four additional villages from the stratified random sample of 60 
villages. For those villages, we knew based on Hänke et al. (2018) that their proportion of 
forest-derived vanilla agroforests would be high, resulting in roughly even numbers of for-
est- and open-land-derived agroforests in the final sample. In those four villages, we visited 
65 households included in Hänke et al. (2018). Those households owned 86 additional ac-
cessible agroforests (7 open-land-derived, 79 forest-derived). This led to a total sample of 
115 forest-derived and 94 open-land-derived agroforests (209 in total) owned by 152 
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households across 14 villages. SI Chapter 6, Figure 12.6 shows all 14 villages with field data 
and the 60 villages from the initial sample.
6.3.3 Data collection in agroforests 
We collected field data between July and October 2018 after the 2018 vanilla harvest.  
During visits to the agroforests, we asked vanilla agroforest owners in Malagasy about 1) 
the realized yield of green vanilla in 2017 and 2018 [kg agroforest-1], 2) estimated green 
vanilla theft from the agroforest before harvest in 2017 and 2018 [kg agroforest-1], 3) the 
number of pieds (combination of vanilla vine and support tree; Figure 6.1) in the agroforest, 
4) the year in which the agroforest was established, and 5) whether the agroforest was for-
est- or open-land-derived (sensu Martin et al. (2020b). Vanilla yields are commonly re-
ported as the weight of green rather than black pods, since green pod weight is independent 
of the curing technique (Havkin-Frenkel & Belanger, 2018). We subsequently added esti-
mated theft to the realized yields as we were interested in the productivity of the agrofor-
ests rather than the farmers’ income. We measured agroforest size during perimeter walks 
using handheld GPS devices and applied a slope correction (based on the digital surface 
model ‘ALOS World 3D’ (Japan Aerospace Exploration Agency, 2018)) to account for differ-
ent steepness of the terrain. By combining yield data and the slope-corrected agroforest 
size, we calculated mean green vanilla yield per hectare [kg ha-1 year-1] across the two years 
for further analysis. Based on slope-corrected agroforest size and number of pieds, we cal-
culated planting density [pieds ha-1].  
We used tablets to assess canopy cover, as photos from mobile devices have been found to 
be an adequate, cheap and fast technique to assess canopy cover (Bianchi et al., 2017; Tichý, 
2016). Observers held the tablet (Lenovo YT3-850F) above their head (circa 190 cm) and 
used the built-in camera (Lenovo 5C28C02840) with the standard lens and auto-exposure 
to take a photo in azimuthal direction. We repeated this procedure at nine locations per plot 
(SI Chapter 6), resulting in 1881 photos from 209 agroforests. We then classified all photos 
into vegetation/sky using the R-Package caiman (Diaz & Lencinas, 2015; more details on 
canopy cover classification in SI Chapter 6) and calculated mean canopy cover across all 9 
photos to derive one value per agroforest. Additionally, the observer estimated the highest 
point of vegetation above each camera position, enabling us to calculate the mean canopy 
height across 9 locations for each agroforest.  
Some farmers did not know the number of pieds and/or the year of establishment of their 
agroforest, leading to missing data for planting density and agroforest age in 8 and 3 cases, 
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respectively (out of 209). We imputed this data for the linear mixed effect models using the 
mean of each respective variable.  
6.3.4 Data extraction from raster layers 
To investigate how precipitation and temperature influenced vanilla yields, we extracted 
annual mean temperature and annual precipitation for each agroforest from the CHELSA 
climatologies with a resolution of 30 arc sec (Karger et al., 2017) using the plot center as a 
reference point. Due to the strong correlation of annual mean temperature and annual pre-
cipitation (-0.76, Pearson correlation coefficient), we only used elevation and annual pre-
cipitation for the analysis on vanilla yields. Analogously, we obtained the elevation of each 
agroforest from the digital surface model ‘ALOS World 3D’ (Japan Aerospace Exploration 
Agency, 2018). Lastly, we extracted the percentage landscape forest cover in a radius of 250 
m around plot centres using published binary forest cover data for the year 2017 
(Vieilledent et al., 2018). 
6.3.5 Analysis of vanilla yields, canopy cover and canopy height 
We used three linear mixed-effects models to analyse variation in vanilla yields, canopy 
cover and canopy height, with ‘household’ (owner of agroforest, N = 152) and ‘village’ (N = 
14) as random effects in all models. We fitted all models using the R-Package lme4 version 
1.1.21 (Bates, 2014) and scaled all explanatory and response variables to zero mean and 
unit variance, allowing for direct comparison of effect sizes within and across models (Har-
rison et al., 2018). We used an alpha level of 0.05 and calculated marginal and conditional 
R2-values for all models (Nakagawa & Schielzeth, 2013). We used QQ-plots to assess nor-
mality of model residuals and tested for variable inflation; none of the models had signifi-
cant deviations in the QQ-plots or variable inflation values above 1.5. 
In a first model, we assessed the variation in the response variable green vanilla yield [kg 
ha-1] in relation to the explanatory variables land-use history (forest vs. open-land-derived; 
coded as 1 vs. 0), canopy cover, age of agroforest, planting density and annual precipitation. 
To reach normality of model residuals, we applied a Box-Cox transformation to the response 
variable (Box & Cox, 1964). We determined a lambda of 0.25 to be suitable for the transfor-
mation using the boxcox function of the R-package mass version 7.3.51.4 (Ripley et al., 
2013). Due to the highly right-skewed nature of the age and planting density data, we square 
root transformed these two variables. We additionally included interactions between land-
use history and all explanatory variables to test whether responses would differ between 
forest- and open-land-derived agroforests. 
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In a second and third model, we assessed factors influencing the response variables canopy 
cover (untransformed) and canopy height (Box-Cox-transformed with lambda 0.35), re-
spectively. We used land-use history, age of agroforest, elevation, landscape forest cover 
and planting density as explanatory variables. Again, we square root transformed the age 
and planting density data and included interactions between land-use history and all ex-
planatory variables.
In the yield and canopy cover model, none of the interactions were significant, prompting 
us to present the reduced model without interactions. In the canopy height model, only the 
interaction between age and land-use history was significant at the p<0.05 level. We thus 
only kept this interaction in the reduced model. All models are presented in full and reduced 
(i.e. final) form in the Supporting Information (SI Chapter 6, Table 12.20 - Table 12.22).
To visualize the models, we calculated estimated marginal means and their 95% confidence 
intervals using the R-Package emmeans version 1.4.5 (Length et al., 2018). We further back-
transformed the estimated marginal means to the original distributions to facilitate the in-
terpretation of model results.
6.3.6 Analysis of canopy cover dynamics in the agricultural andscape 
We used remotely sensed canopy cover data to explore how observed tree rehabilitation 
within agroforests translated to the landscape scale. We obtained canopy cover data for the 
year 2000 and 2010 from a Landsat-derived product of continuous canopy cover values 
with 30 m resolution (Hansen et al., 2013). Using the raster R-package version 3.0.12 
(Hijmans et al., 2019), we subtracted the 2000 layer from the 2010 layer to obtain a new 
raster layer with tree cover gains and losses, respectively (change of canopy cover between 
2000 and 2010 [%]). We restricted both layers to an area of 2 km around the centers of 60 
focal villages (excluding any offshore areas), for which we knew that vanilla farming was 
common and from which we selected the villages for the plot-based part of this study (Vil-
lage selection described in Hänke et al. (2018). We chose 2 km because agroforests in this 
range will typically belong to the focal village (personal observation). We then fitted a gen-
eralized additive mixed model (GAMM) using the R-package mgcv version 1.8-28 (Wood, 
2012) to evaluate how the dependent variable ‘initial canopy cover in the year 2000’ deter-
mined the independent variable ‘change in canopy cover from 2000 to 2010’. We included 
‘village’ as a random effect and also included longitude and latitude of each raster cell as 
random effects to control for spatial autocorrelation. Therefore, the model read: change in 
canopy cover ~ initial canopy cover + (1 | village) + (1 | longitude) + (1 | latitude). We 
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further ran the model on the basic dimension k = 8. We checked model assumptions using 
the gam.check function of the mcgv R-package which demonstrated k=8 to be adequate and 
a near-normal distribution of residuals.  
We analysed all data in R version 3.6.0 (R Core Team, 2019). The underlying data and R-
code are publicly available (see data availability statement). 
6.4 Results
6.4.1 Determinants of vanilla yields
Green vanilla yield per pied varied strongly and ranged from 0 – 860 g pied-1 year-1 with an 
average of 69.9 g pied-1 year-1 (SD ± 112.3; N = 209 agroforests; mean from 2017 and 2018). 
Note that this estimate includes pieds without any yield as it is calculated by dividing the 
total yield by the number of pieds in each agroforest. Similarly, green vanilla yields differed 
strongly across agroforests, ranging from 0 - 932.7 kg ha-1 year-1 with an average of 154.6 
kg ha-1 year-1 (SD ± 186.9; N = 209 agroforests; mean of 2017 and 2018). Using farmgate 
vanilla prices for the year 2017 (Hänke et al., 2018), this average yield translates into mean 
gross earnings of 4684 € ha-1. However, a household in this dataset only farmed 0.46 ha (SD 
± 0.42; N = 152) of accessible vanilla agroforests in average. The difference in green vanilla 
yield per ha between the two years was small (2017: 158.8 kg ha-1 (SD ± 200.1); 2018: 150.2 
kg ha-1 (SD ± 202.6)) and a Wilcoxon rank sum test revealed no significant differences be-
tween years (W = 21267, p = 0.642, N = 209 agroforests). Farmers reported green vanilla 
theft in 26 agroforests (12.4%) for 2017 and in 25 agroforests (12.0%) for 2018. Farmers 
who reported theft, stated that they lost on average 9.15 kg (SD ± 15.3) green vanilla per 
agroforest in 2017 and 8.72 kg (SD ± 8.7) per agroforest in 2018.
Our yield model (Figure 6.2; SI Chapter 6, Table 12.20) revealed that vanilla yields varied 
independently of land-use history, i.e. whether an agroforest was forest- or open-land-de-
rived. Yields were furthermore not significantly related to canopy cover and annual precip-
itation. Yields rose with increasing agroforest age and planting density. Overall, the mar-
ginal R2-value of the model was 0.216 while the conditional R2-value was 0.450. The differ-
ence between the two values was mainly driven by the random intercept variance for the 
random effect ‘household’ (τ00 = 0.26); the random intercept variance for the random effect 
‘village’ was negligible (τ00 = 0.03)
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Figure 6.2: Results of a linear mixed effect model explaining green vanilla yield [kg ha-1 yr-1] across 
209 agroforests. A: Scaled effect plot of the reduced yield model for all five predictors. B-F: Green 
vanilla yields as a function of land-use history (B), canopy cover [%] (C), age of vanilla agroforest 
[years] (D), planting density [pieds ha-1] (E) and annual precipitation [mm year-1] (F). Green vanilla 
yields were independent of land-use history and positively associated with all four continuous vari-
ables, but the relationships between canopy cover and yields as well as annual precipitation and 
yields were not significant. Lines and black dots respectively show back-transformed estimated mar-
ginal means based on the linear mixed-effect model and shaded areas depict 95% confidence inter-
vals. Points are raw data separated in forest-derived (blue) and open-land-derived (brown) agrofor-
ests. A table with model results can be found in the Supporting Information (SI Chapter 6, Table 
12.20).
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6.4.2 Determinants of canopy cover and canopy height
Canopy cover was 12.8% (estimated marginal means 6.3%) higher in forest-derived vanilla 
agroforests (mean = 52.9%, SD ± 17.2) compared to open-land-derived agroforests (mean 
= 40.1%, SD ± 19.0; Figure 6.3; SI Chapter 6, Table 12.21 and Table 12.22). The age of 
the agroforests differed along the chronosequence between 1 and 88 years in forest-de-
rived agroforests and between 0 and 60 years in open-land-derived agroforests. Age 
positively related to canopy cover, in both forest- and open-land derived agroforestry: 
canopy cover increased by 39.5% (CI 34.5 – 44.6%) over 88 years.
 
Figure 6.3: Results of two linear mixed effect models explaining canopy cover [%] and canopy height 
[m] across 209 vanilla agroforests. A: Scaled effect plot of the reduced canopy cover model (black) 
and the reduced canopy height model (grey) for all five predictors, including the interaction between 
land-use history and age [years] in the canopy height model. B & C: Forest-derived agroforests (blue) 
had both higher canopy height and higher canopy cover compared to open-land-derived agroforests 
(brown). D: Older forest- and open-land-derived agroforests had higher canopy cover. E: Older agro-
forests also had higher canopies, but only if open-land-derived. Lines and black dots respectively 
show back-transformed estimated marginal means based on linear mixed-effect models and shaded 
areas depict 95% confidence intervals. Points are raw data separated in forest-derived (blue) and 
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open-land-derived (brown) agroforests. Tables with the results of both models can be found in the 
Supporting Information (SI Chapter 6, Table 12.21 and Table 12.22).
Similarly, canopy height was 8.2 m (estimated marginal means 5.2 m) higher in forest-de-
rived agroforests (mean = 14.5 m, SD ± 7.3) compared to open-land-derived agroforests 
(mean = 6.3 m, SD ± 4.6; Figure 6.3; SI Chapter 6, Table 12.22). The age of the agroforest 
positively affected canopy height in open-land-derived agroforests where canopy height in-
creased on average by 8 m (CI 6.1 – 10.3 m) over 60 years. Canopy height in forest-derived 
agroforests was relatively stable (mean decrease of 1.7 m (CI -2.7 – -0.4) over 60 years and 
a mean decrease of 2.1 m (CI -3.9 – +0.4) over 88 years).
Vanilla planting density did not correlate with canopy cover or height (Figure 6.3; SI Chap-
ter 6, Table 12.21 and Table 12.22). Furthermore, agroforests with more surrounding forest 
cover had taller trees and greater canopy cover, but confidence intervals overlapped zero 
for the latter (Figure 6.3 A). Elevation was negatively associated with both tree height and 
canopy cover (Figure 6.3 A). The canopy cover model (Figure 6.3; SI Chapter 6, Table 12.21) 
had a marginal R2-value of 0.34 and a conditional R2-value of 0.56, while the canopy height 
(Figure 6.3; SI Chapter 6, Table 12.22) model had a marginal R2-value of 0.35 and a condi-
tional R2-value of 0.74. The substantial difference between conditional and marginal R2-val-
ues stemmed from the strong explanatory power of the random effect ‘household’ (canopy 
cover model: τ00 = 0.16 / canopy height model: τ00 = 0.37); the random intercept variance 
for the random effect ‘village’ was small (canopy cover model: τ00 = 0.07 / canopy height 
model: τ00 = 0.02).
6.4.3 Canopy cover dynamics in the agricultural landscape
Areas within the agricultural landscape around villages that had low initial canopy cover in 
the year 2000 experienced little change from 2000 to 2010 (Figure 6.4 C; SI Chapter 6, Table 
12.23). Areas with medium to high initial canopy cover experienced an increase in canopy 
cover, reaching the maximum increase of 6.4% at 68.3% initial canopy cover (Figure 6.4 A). 
Areas with very high initial canopy cover lost in average 4.4% of canopy cover (Figure 6.4 
B & D). Overall, canopy cover increased by 2.7%. The general additive model explained 8.0% 
of the variation in the data.
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Figure 6.4: Canopy cover dynamics in the agricultural landscape in a 2 km circle around centres of 
60 focal villages between 2000 and 2010 using canopy cover raster data with 30 m resolution (Han-
sen and others, 2013). Canopy cover increased overall by 2.7%, driven by canopy cover increase in 
areas with medium to high initial canopy cover (e.g. vanilla agroforests; A). Canopy cover did, how-
ever, decrease in areas with very high initial canopy cover (e.g. forest; B, D) and was stable in areas 
with little initial canopy cover (e.g. rice paddies; C). The central plot shows hexagon bins of bin-width 
5% which are coloured according to the number of 30x30 m raster cells (i.e. observations) within 
each hexagon bin. Hexagon bins with less than 200 observations are grey. The white line depicts 
predicted outcomes of a general additive model explaining change in canopy cover (SI Chapter 6, 
Table 12.23). All photos by the authors.
6.5 Discussion 
Across an 88-year chronosequence of 209 agroforests in the SAVA region of north-eastern 
Madagascar, we found vanilla yields to vary widely and to be positively affected by planting 
density and agroforest age, while land-use history, canopy cover, and precipitation had no 
effects on yields. Older vanilla agroforests had higher canopy cover, and, if open-land-de-
rived, also greater canopy height. On the landscape-scale, areas within the agricultural land-
scape with medium canopy cover gained canopy cover between the years 2000 and 2010. 
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6.5.1 Determinants of vanilla yields
We found vanilla yields to be hugely variable across agroforests, ranging from 0 - 932.7 kg 
green vanilla per hectare. This variability was driven by variable yields per pied (unit of 
support tree and vanilla vine) and planting densities. Such variability is typical for small-
holder agroforests in tropical countries (Clough et al., 2011) and points towards large yield 
gaps caused by sub-optimal management practices (Lobell et al., 2009). This also suggests 
a large intensification potential in existing agroforests and opportunities for sustainable in-
tensification (Tilman et al., 2011). Our mean yield estimate of 154.6 kg ha-1 is lower than 
most vanilla yield estimates, but published studies cover a large range of rather intensive 
systems in other growing regions, including plantations with artificial shade (SI Chapter 6, 
Table 12.24), potentially explaining lower yields in rather extensively managed Malagasy 
agroforests. Our mean yield estimate of 154.6 kg ha-1 translates into gross earnings of an-
nually 4684 € ha-1, exhibiting the exceptional income opportunity vanilla provides under 
the high prices of the year 2017 (Hänke et al., 2018). However, an average rural house-
hold in the study region only sells 51.6 kg of green vanilla per year (Hänke et al. 
(2018); also including households which did not sell any vanilla) and labour demands for 
the crop are high (Correll, 1953). Furthermore, high vanilla prices have led to a surge in lo-
cal living costs, which are estimated at 5751 € per household and year (Hänke & 
Fairtrade International, 2019), and vanilla theft is commonplace (Neimark et al., 2019), 
further impairing the situation for farmers.
In contrast to other studies (Havkin-Frenkel & Belanger, 2018; Santosa et al., 2005), we do 
not see yield declines after a certain plantation age (Figure 6.2, SI Chapter 6, Table 12.20). 
The explanation for this is twofold: farmers constantly establish new pieds, resulting in old 
agroforests that still contain vanilla vines of young and medium age (DAM personal obser-
vation). Furthermore, constant ‘looping’ of vines on the same pied is common: hereby, va-
nilla vines are guided back down to the soil where new roots establish (Fouché & Jouve, 
1999). The originally-planted part of the vine may die at some point, but the vanilla plant 
can survive due to the water and soil access that the additional roots provide. Given that 
new pieds are also propagated by vine-cuttings (Fouché & Jouve, 1999; Havkin-Frenkel & 
Belanger, 2018), planting of new pieds and looping of vines are comparable processes. In 
combination with the relatively short time to first produce (circa three years; Havkin-Fren-
kel & Belanger, 2018), the looping of vanilla vines may lead to stable yields over time and 
could thus avoid boom and bust cycles. Such cycles are a common occurrence in other ag-
roforestry crops like cacao (Clough et al., 2009) and refer to farmers realising short-term
 126 
increases in yields through shade tree removal at the expense of associated biodiversity and 
ecosystem functions (Tscharntke et al., 2011). The resulting yield increase may be followed 
by a decrease, caused by elevated pest pressure and dwindling soil fertility (Clough et al., 
2009). Falling yields prompt the abandoning of plantations and further forest conversion to 
agroforestry elsewhere (Clough et al., 2009). The likely absence of these busts in vanilla 
agroforests does hence point towards the long-term sustainability of these agroforestry sys-
tems. We also found no link between precipitation and vanilla yields using down-scaled cli-
mate data (Figure 6.2; SI Chapter 6, Table 12.20), suggesting that all villages where this data 
was collected have generally-suitable growing conditions. Nonetheless, the data is not year-
or season-specific and can thus only represent general differences in precipitation between 
sites, possibly hiding effects caused by exceptionally dry or wet years or seasons.
6.5.2 Increasing vanilla yields without impairing canopy cover
We show that vanilla yields vary independently of canopy cover suggesting that no trade-
offs exist between yields and maintaining or restoring trees (Figure 6.2; SI Chapter 6, Table 
12.20), much in contrast to comparable crops, where yields typically decline above 40% 
canopy cover, for example in cacao (Blaser et al., 2018; Clough et al., 2011) or coffee (Jezeer 
et al., 2017; Perfecto et al., 2005). The here-shown independence of yields and canopy cover 
enables farmers to maintain remnant forest trees, which are highly beneficial for ecosystem 
services and biodiversity (Tscharntke et al., 2011) in forest-derived vanilla agroforests, at 
no direct cost. Furthermore, tree and canopy cover rehabilitation in open-land-derived va-
nilla agroforests is also possible without compromising on yields. The independence of va-
nilla yields and shade is supported by plant-physiological experiments which show that va-
nilla performs well under various light regimes (Díez et al., 2017).
Interestingly, vanilla planting density was independent of canopy cover and canopy height 
(Figure 6.3; SI Chapter 6, Table 12.21 and Table 12.22). This suggests that closing yield gaps 
is possible by planting vanilla pieds more densely and that doing so does not per se impair 
canopy cover or height within the currently existing planting density range. Maintaining or 
promoting trees will likely have positive effects on biodiversity and ecosystem functions 
(Leakey, 2014; Tscharntke et al., 2011). For example, predation rates rise with increasing 
stem density in vanilla agroforests of north-eastern Madagascar (Schwab et al., 2020), indi-
cating that trees promote pest control. In sum, the possibility to plant vanilla more densely 
without impairing canopy cover further strengthens the case for sustainable intensification 
opportunities in vanilla agroforestry.
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6.5.3 Limitations of yield data
Despite methodological improvements over many previous studies (SI Chapter 6, Table 
12.24), this study lacks detail on various potential drivers of vanilla yields. This is high-
lighted by the strong random intercept variance. The random effect ‘household’ might re-
flect differences in management practices between households (Hänke et al., 2018), while 
‘village’ might represent biotic or abiotic village-level effects, such as different soil proper-
ties. We also acknowledge that the estimation of the weight of stolen vanilla pods, which we 
had to factor in for ~12% of agroforests, brings in additional uncertainty. Lastly, our study 
cannot draw conclusions beyond the range of the data examined, for example the effects of 
shade on vanilla yields in highly intensified systems. We thus call for more research on va-
nilla yield determinants that may generate more applicable management advice for farm-
ers.
6.5.4 Increasing canopy cover and tree height over time
Tree rehabilitation in agroforestry systems is a global priority (FAO, 2017). However, many 
tropical agroforests of key cash crops like cacao or coffee are forest-derived, thus typically 
contributing to forest degradation rather than tree rehabilitation (Martin et al., 2020b). 
Open-land derived agroforests, on the other hand, may contribute to tree rehabilitation, but 
empirical chronosequences that document tree recovery in open-land derived agroforests 
are rare (but see Nijmeijer et al. (2019)). Here we show that canopy cover is higher in older 
forest- and open-land-derived agroforests than in younger ones (Figure 6.3; SI Chapter 6, 
Table 12.21). Furthermore, trees were taller in older open-land-derived agroforests, but not 
in older forest-derived agroforest (Figure 6.3; SI Chapter 6, Table 12.22). This suggests that 
open-land-derived agroforests can play a key role in tree rehabilitation, given that these 
agroforests originate from open fallow land. They could thus contribute to increased carbon 
storage (Nair et al., 2009) and the restoration of other ecosystem services (De Beenhouwer 
et al., 2013) while providing new habitat for tree-dependent taxa (Clough et al., 2011). To 
what extent this will be the case also depends on the tree species that farmers allow to re-
generate or plant. Here, native trees will be necessary for many biodiversity benefits while 
introduced fruit and timber trees could provide benefits to farmers (Tscharntke et al., 
2011).
In contrast to open-land-derived agroforests, canopy cover in forest-derived agroforests 
will likely only recover after an initial drop at the time of establishment (Martin et al., 
2020b), which is not covered here as our chronosequence does not include forest
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fragments. The stable tree height is in line with this interpretation, as the removal of single 
trees at time of establishment may not reduce mean tree height at the plot level. Alterna-
tively, the resulting chronosequence could also stem from a change of practices over time, 
resulting in recently established forest-derived agroforests with low canopy cover in the 
chronosequence.  
Taken together, our results show that forest-derived vanilla agroforests may have relatively 
stable canopy cover over time and highlight the potential of open-land-derived agroforests 
to restore ecosystem functions in cultivated landscapes. The transformation of land under 
shifting cultivation into cash cropping systems is furthermore in line with regional (An-
driatsitohaina et al., 2020) and global trends (van Vliet et al., 2012). 
6.5.5 Canopy cover dynamics in the agricultural landscape
We used remotely sensed canopy cover data to explore how observed plot-scale tree reha-
bilitation translates to the landscape-scale. Comparing canopy cover changes between 2000 
and 2010, we found that areas with lowest initial canopy cover, probably mostly rice pad-
dies, had stable canopy cover (Figure 6.4 C; SI Chapter 6, Table 12.23). This is to be expected, 
given the high productivity of irrigated rice and its local importance for food security 
(Hänke et al., 2018; Laney & Turner, 2015), which make a conversion of rice paddies to 
other land uses unlikely. Areas with very high canopy cover, i.e. forest fragments around 
villages, lost canopy cover over time. Here, small losses may represent forest degradation 
through selective logging for timber or through the establishment of new forest-derived va-
nilla agroforests. Some of these areas also showed large losses, likely reflecting shifting cul-
tivation, where forest is cut and burned for hill rice cultivation (Figure 6.4).
Areas with medium to high initial canopy cover showed increases in canopy cover, most 
likely representing fallows that were transformed to open-land-derived vanilla agroforests. 
Here, the cessation of repeated burning for shifting cultivation, that comes with the estab-
lishment of permanent agroforestry, may have enabled tree rehabilitation at the landscape 
scale, as observed inside the plots.
Overall, these dynamics resulted in a net increase in canopy cover on the landscape scale, 
as observed for agricultural landscapes across Madagascar (Zomer et al., 2016). The combi-
nation of canopy cover gains and losses may be positive for ecosystem services that can be 
provided by areas with medium canopy cover, such as the provision of fruit or firewood, 
and for species that can handle habitats with medium canopy cover. Forest-dependent spe-
cies and ecosystem services that depend on high canopy cover, as found in forests, will
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suffer. Conservation of remaining forests is thus necessary to conserve the large share of 
Malagasy biodiversity that cannot persist outside forest (Irwin et al., 2010). Furthermore, 
the forests of north-eastern Madagascar have some of the highest carbon stocks of all Mal-
agasy forests (Vieilledent et al., 2016), underlining the importance of forest conservation 
also in light of climate change mitigation. 
Importantly, these findings are limited to the agricultural landscape around 60 focal villages 
that are predominantly not at the deforestation frontier. Canopy cover dynamics might be 
different around villages closer to large connecting forest blocks, where an overall increase 
in canopy cover seems unlikely, given the ongoing deforestation trend in north-eastern 
Madagascar (Harper et al., 2007; Vieilledent et al., 2018). Further research elucidating the 
differences in canopy cover dynamics between villages close and far away from the forest 
frontier will hence be highly relevant. 
6.6 Conclusion 
Our main finding, that yields and canopy cover in vanilla agroforests of north-eastern Mad-
agascar varied independently, suggests the possibility to combine high vanilla yields with a 
high tree cover. This has potential benefits for ecosystem services and biodiversity in a glob-
ally important biodiversity hotspot. Our finding contrasts with other agroforestry crops for 
which higher canopy cover typically impairs yields. Furthermore, the higher canopy cover 
in older compared to younger vanilla agroforests suggests opportunities to rehabilitate 
landscapes by enhancing tree cover in open-land-derived agroforests. If coupled with effec-
tive protection of remaining forests, yield-neutral tree recovery in agroforestry systems 
could contribute to a multifunctional and biodiversity-friendly agricultural landscape. 
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7.1  Abstract 
Solutions to ecological-economic trade-offs from agricultural productivity gains at the cost 
of biodiversity losses are urgently needed. Here, we focused on smallholder vanilla agrofor-
ests in Madagascar, a global biodiversity hotspot. Agroforests established in forests sup-
ported 30% (48%) less whole-ecosystem (endemic) diversity as compared to old-growth 
forest, but 26% (131%) more when established on degraded fallow land. Vanilla yields var-
ied by more than two orders of magnitude, with no correlation to richness of trees, herbs, 
birds, amphibians, reptiles, and ants. While yields increased with greater vanilla planting 




cover and landscape forest cover largely determined biodiversity of agroforests. Land-use 
history mattered as forest-derived agroforests supported higher diversity of endemics than 
fallow-derived ones. Our findings highlight the great restoration potential of agroforests for 
degraded tropical land. For vanilla, high yields can be achieved without further compromis-
ing biodiversity. However, well-designed policies are needed to promote restoration of de-
graded land and to halt loss of primary forest. 
Keywords: agroforest, endemic, land-use history, Madagascar, trade-offs, vanilla, cash crop, 
deforestation 
7.2 Introduction 
Agricultural expansion and intensification are the main drivers of today’s biodiversity crisis 
(Maxwell et al., 2016). Increases in agricultural productivity are typically achieved at the 
cost of biodiversity, particularly in the tropics (Grass et al., 2020). Solutions to the resulting 
ecological-economic trade-offs are urgently needed, especially in tropical landscapes that 
undergo rapid transformation (Macchi et al., 2020). Agroforestry is often seen as a profita-
ble land use maintaining more tropical biodiversity than structurally less complex cropland 
types such as monocultures (Schroth, 2004; Tschora & Cherubini, 2020; Udawatta et al., 
2019). With respect to the upcoming UN Decade on Ecosystem Restoration (2021-2030), 
agroforestry also opens up promising opportunities for restoration of degraded land that 
makes up large shares of tropical landscapes characterized by shifting cultivation, or slash-
and-burn agriculture (Santos et al., 2019). However, agroforests may also result in biodi-
versity losses if established at the expense of forests. Whether tropical agroforests contrib-
ute to halting deforestation or accelerate biodiversity declines thus depends on their land-
use history, meaning whether they are established on degraded land or by thinning forest 
(Martin et al., 2020b; Warren-Thomas et al., 2020). Surprisingly, despite decades of re-
search, land-use history is usually not considered in most studies on tropical agroforestry 
(Martin et al., 2020b). Consequently, the value of tropical agroforestry for biodiversity con-
servation, ecosystem restoration, and sustainable intensification of agricultural production 
remains inconclusive. 
Here, we focus on vanilla agroforestry in Madagascar. Madagascar has exceptional high 
rates of endemism but faces great challenges aligning conservation to sustainable develop-
ment (Jones et al., 2019a; Scales, 2014a). Madagascar is globally the biggest producer of 
vanilla, with a majority produced by smallholders (FAO, 2020; Hänke et al., 2018). The high 
world market price of vanilla brings socio-economic benefits for livelihoods of Malagasy 
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smallholders, incentivizing the expansion of vanilla cultivation (Hänke et al., 2018; Llopis et 
al., 2019). The hemi-epiphytic vanilla orchid is typically grown in agroforests on support 
trees in combination with shade trees (Havkin-Frenkel & Belanger, 2018). Vanilla is farmed 
either by conversion of forest to agroforests or by establishment on fallow land, an aspect 
that is so far not considered by most studies (Martin et al., 2020b), but very important in 
light of on-going degradation of tropical landscapes, with large impacts on human liveli-
hoods and ecosystem functioning (Hooper et al., 2012; Newbold et al., 2015). In contrast to 
the degradation of forest by forest-derived vanilla agroforestry, the conversion of fallow 
land to vanilla agroforests can rehabilitate important ecosystem functions (Chowdhury et 
al., 2020; Schwab et al., 2020). To identify yield-biodiversity trade-offs, we used data on 
trees, herbaceous plants, birds, amphibians, reptiles, butterflies, and ants and used yield 
data from 30 vanilla agroforests. We assessed the biodiversity value of forest- and fallow-
derived vanilla agroforest and compared the species richness with old-growth forest and 
fallow land. To identify biodiversity-friendly and profitable strategies of vanilla cultivation, 
we assessed environmental and management parameters driving high yields and high spe-
cies richness. 
7.3 Results 
7.3.1 Biodiversity and vanilla yield 
We found that increasing vanilla yield/ha did not reduce species richness of trees, herba-
ceous plants, birds, amphibians, and reptiles, and ants (Figure 7.1). Butterflies were the only 
taxa that decreased in species richness with increasing yield/ha (Figure 7.1 G)). Amphibian 
richness even increased with increasing yield/ha (Figure 7.1 E). Species richness of trees 
and reptiles was higher in forest-derived than in fallow-derived vanilla agroforests (Figure 
7.1 B & F). Looking at endemics, increasing vanilla yield/ha did not reduce endemic species 
richness of trees, herbaceous plants, birds, amphibians, butterflies and ants (Figure 7.2). 
Increasing vanilla yield/ha reduced endemic reptile richness in fallow-derived vanilla agro-
forests but increased endemic reptile richness in forest-derived vanilla agroforests (Figure 
7.2 F). Endemic species richness of trees, herbaceous plants, birds and ants was higher in 
forest-derived vanilla agroforests compared to fallow-derived. In line with the results for 
species richness of single taxa, whole-ecosystem diversity (i.e., multidiversity) was not re-
lated to vanilla yield/ha. Furthermore, increasing vanilla yield/ha did not reduce endemic 
whole-ecosystem diversity, but endemic whole-ecosystem diversity was higher in forest-
derived vanilla agroforests (Figure 7.1 A & Figure 7.2 A). 
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Figure 7.1: Species richness across land-use types (boxplots) and with increasing vanilla yield (scat-
terplots) in a Malagasy agricultural landscape. Shown are boxplots of plot-level whole ecosystem 
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diversity (i.e., multidiversity) (A) and species richness of seven taxa individually (B-H) (N = 10 for 
FOR, VFOR and N = 20 for FAL and VFAL) of old-growth forest (FOR), forest-derived vanilla agrofor-
est (VFOR), fallow (FAL) and fallow-derived vanilla agroforest (VFAL). The line inside the boxplot 
represents the median of each land-use type, the lower and upper hinges of each boxplot correspond 
to the first and third quartiles and the whiskers represent the lowest and highest values within the 
1.5 interquartile range (IQR). Outliers are shown as dots. Letters indicate significant differences be-
tween land-use types based on pairwise Tukey's honest significance tests. Groups which do not share 
a letter are significantly different.  Scatterplots show the relationship between plot-level whole eco-
system diversity (i.e., multidiversity) (A) and plot-level species richness of seven taxa individually 
(B-H) and vanilla yield with estimated regression line from fitted model. Dashed lines are intercept-
only linear models. If land-use history as additive effect is significant, intercept of both forest- and 
fallow-derived is displayed. Species richness: N = 60 for herbaceous plants, birds, amphibians, rep-
tiles, butterflies and ants; N = 58 for trees; N =  30 for vanilla yield. Scale of vanilla yield/kg is back-
transformed from sqrt. 
7.3.2 Effects of land-use history on biodiversity in agroforests 
Average losses in species richness from forests (FOR) to forest-derived vanilla agroforests 
(VFST) were most pronounced for trees (-51%), birds (-38%), and amphibians (-51%), 
whereas herbaceous plants, reptiles, butterflies and ants showed no significant difference 
in species richness (Figure 7.1). Gains in species richness from fallows (FLW) to fallow-de-
rived vanilla agroforests (VFLW) were only significant for trees (+149%; Figure 7.1 B). For 
endemics, we found strong losses from forest to forest-derived vanilla agroforests in en-
demic birds (-69%) and endemic amphibians (-57%; Figure 7.2). Endemic species richness 
of reptiles (+38%) and ants (+130%) was significantly higher in fallow-derived vanilla ag-
roforests than in fallows (Figure 7.2). A significant amount of whole-ecosystem diversity (-
30%) was lost in forest-derived vanilla agroforests compared to old-growth forests, with a 
greater loss in species when looking at endemics only (-48%; Figure 7.1 A & Figure 7.2 A)). 
Whole-ecosystem diversity of fallow-derived vanilla agroforests did not differ to fallows 
(Figure 7.1 A). In contrast, whole-ecosystem endemic diversity was higher in fallow-derived 
vanilla agroforest (+131%) compared to fallows (Figure 7.2 A).  
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Figure 7.2: Endemic species richness across land-use types (boxplots) and with increasing vanilla 
yield (scatterplots) in a Malagasy agricultural landscape. Shown are boxplots of plot-level whole 
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ecosystem endemic diversity (i.e., endemic multidiversity) (A) of all taxa combined and plot-level 
endemic species richness of seven taxa individually (B-H) (N = 10 for FOR, VFOR and N = 20 for FAL 
and VFAL) of old-growth forest (FOR), forest-derived vanilla agroforest (VFOR), fallow (FAL) and 
fallow-derived vanilla agroforest (VFAL). The line inside the boxplot represents the median of each 
land-use type, the lower and upper hinges of each boxplot correspond to the first and third quartiles 
and the whiskers represent the lowest and highest values within the 1.5 interquartile range (IQR). 
Outliers are shown as dots. Letters indicate significant differences between land-use types based on 
pairwise Tukey's honest significance tests. Groups which do not share a letter are significantly dif-
ferent. Scatterplots show the relationship between plot-level whole ecosystem endemic diversity 
(i.e., endemic multidiversity) (A) of all taxa combined or and plot-level endemic species richness of 
seven taxa individually (B-H) and vanilla yield with estimated regression line from fitted model if 
relationship significant (solid lines, regression line is back-transformed with the exponential func-
tion). If land-use history as additive effect is significant, intercept of both forest- and fallow-derived 
is displayed. Dashed lines are intercept-only linear models. Endemic species richness: N = 60 for her-
baceous plants, birds, amphibians, reptiles, butterflies and ants; N = 58 for trees; N =  30 for vanilla 
yield. Scale of vanilla yield per kg is back-transformed from sqrt.  
7.3.3 Effects of environmental and management parameters on yield 
Vanilla yield (kg/ha) was positively associated to planting density and vanilla vine length 
(Table 7.1). Our findings indicate that while low vanilla planting density (3000-4000 vanilla 
plants/ha) resulted in only low to moderate yield outcomes (71 -109 kg/ha), doubling va-
nilla planting density to 6000-8000 vanilla plants/ha led to yield increases ranging from 
208-339 kg/ha (66-68% more). In addition, low to medium vanilla vine length (400-600cm) 
resulted in only low to moderate yield outcomes (38-65 kg/ha), doubling liana length to 
800-1200cm led to yield increases ranging from 100-191 kg/ha (62-66% more).  Vanilla 
yield (kg/ha) was only marginally positively associated to pollination labour input. Im-
portantly, vanilla yield was not related to canopy closure, slope, landscape forest cover, 
lower vegetation cover or elevation, suggesting high intensification potential without shade 
or vegetation removal in any location. Furthermore, vanilla plant age did not influence va-
nilla yield, neither did percentage leaf damage of vanilla plants. Vanilla yields did not differ 
between fallow- and forest-derived vanilla agroforests (Tukey post-hoc test: ß = 0.77, SE = 
1.94, p = 0.691). 
Table 7.1: Management and environmental determinants of vanilla yield/ha (sqrt-transformed) in 
30 vanilla agroforests. The mean value of all 30 agroforests was used for three missing values of 
pollination work input (hrs/ha). All predictor variables are scaled. Estimates, standard error and p-
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value are extracted from the best linear mixed effect model. Model selection was performed by single 
term deletion using the anova function from the R stats package with all terms significant at <0.05.  
Predictor Estimate SE p-value 
Intercept 9.005 0.803 <0.001 
Planting density (no/ha) 2.878 0.415 <0.001 
Pollination (hrs/ha) 0.943 0.473 0.058 
Vanilla vine length (cm) 2.630 0.391 <0.001 
Soil characteristics (PC1) - - - 
Vanilla plant age (yrs) - - - 
Canopy closure (%) - - - 
Slope (°) - - - 
Landscape forest cover (%) - - - 
Lower vegetation cover (%) - - - 
Elevation (m) - - - 
Leaf damage (%) - - - 
7.3.4 Effects of environmental and management parameters on biodiversity 
Species richness was mostly associated to environmental and management parameter un-
related to higher vanilla yields (Table 7.2). High canopy closure, a structural parameter 
which farmers can actively alter was positively associated with higher species richness of 
trees, endemic herbs, (endemic) reptiles and endemic ants; on top of elevation, slope, and 
soil fertility, 
Table 7.2: Overview of effects of environmental and management variables on yield and species 
richness across 7 taxa (trees, herbaceous plants, birds, amphibians, reptiles, butterflies and ants). 
Effects are based on direction of estimates (+ or -) and displayed if p-value <0.05. Effects in paren-
theses were marginally significant (0.05 ≤ p < 0.10). 
Predictor Yield Species richness 
Planting density (no/ha) + - Trees + Endemic Herbs 
Vanilla vine length (cm) + - Trees - Endemic Trees - Reptiles (- Endemic Reptiles) 
Pollination labour input (hrs/ha) + - Butterflies - Endemic Butterflies 
Soil characteristics (PC1) (-) - Endemic Trees (+ Herbs) - Birds + Endemic Reptiles 
  + Butterflies  + Endemic Butterflies 
Vanilla plant age (yrs)   
Canopy closure (%)  + Tree + Endemic Herbs + Reptiles + Endemic Reptiles  
+ Endemic Ants 
Slope (°)  - Endemic Trees - Amphibians - Endemic Amphibians 
Landscape forest cover (%)  + Tree + Endemic Trees + Endemic Herbs (-Amphibians) 
+ Endemic Ants 
Lower vegetation cover (%)  + Birds (- Butterflies) - Endemic Butterflies 
Elevation (m)  + Herbs (+ Endemic Herbs) (+ Endemic Butterflies) 
Leaf damage (%)   
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Additionally, higher vegetation cover (below 2 m) was positively related to bird species 
richness but negatively to endemic butterflies. Landscape forest cover, mainly shaped by 
remaining forest fragments in the agricultural matrix, was important for (endemic) trees, 
endemic herbs, and endemic ants. Conflicting with higher yields, less trees were found in 
vanilla agroforests with a higher density of vanilla plants. Furthermore, longer vanilla vines 
were negatively associated to (endemic) trees and reptiles.  
7.4 Discussion 
Here, we focused on smallholder vanilla agroforests in Madagascar, a global biodiversity 
hotspot, with big pressure on remaining primary forest and major sustainability challenges 
(Scales, 2014a). Madagascar has high levels of poverty, with most people continuing to de-
pend on natural resources (Molotoks et al., 2017), but inefficient land management and 
weak law enforcement are major challenges to biodiversity conservation (Rakotomanana 
et al., 2013). With Madagascar’s biodiversity being indispensable to the countries sustaina-
ble development (Jones et al., 2019c), multidisciplinary approaches are needed to address 
Madagascar’s problems before it is too late. 
In contrast to common expectations of economic-ecological trade-offs, we show that higher 
yields did not decrease whole-ecosystem (endemic) diversity and species richness of (en-
demic) trees, (endemic) herbs, (endemic) birds, (endemic) amphibians, reptiles, endemic 
butterflies, and (endemic) ants in vanilla agroforestry in Madagascar. Importantly, land-use 
history of vanilla agroforests mattered for endemics, as agroforestry established on fallows 
was poorer in whole-ecosystem endemic diversity (-60%) than that based on thinned for-
est. We show agroforests established in forests supported 30% (48%) less whole-ecosystem 
(endemic) diversity than old-growth forest, but fallow-derived agroforest had 26% (131%) 
higher whole-ecosystem diversity than fallow land, highlighting its great restoration poten-
tial in tropical landscapes. While yields increased with greater vanilla planting density and 
longer vanilla vines, non-yield-related management variables such as canopy closure and 
landscape forest cover largely determined biodiversity of agroforests. Important for the 
conservation of endemic species, higher landscape forest cover and higher canopy closure 
was related to more endemics of trees, herbs, reptiles, and ants in vanilla agroforests. How-
ever, (endemic) trees and reptiles were negatively associated to higher pied density or 
longer vanilla vines.  
Our findings are in line with other studies in cacao agroforestry which found no relationship 
between cacao yield and tree, bird, amphibian, butterfly, and ant richness in Indonesia 
 140 
(Clough et al., 2011) and between yield and butterfly richness in Peru (Jezeer et al., 2019). 
In contrast, a study on Cameroonian cacao agroforests found a negative relationship be-
tween ant richness and cocoa yield suggesting trade-offs with biodiversity at high yield lev-
els if shade vegetation was removed (Bisseleua et al., 2009).  
Loss of species richness through forest conversion has been documented by several studies. 
A systematic review on biodiversity in small-scale agroforests showed that in almost 80% 
of the cases species richness in agroforests was lower than in forests (Scales & Marsden, 
2008). In line with our findings for trees, studies have highlighted that in particularly plants 
are negatively affected by forest conversion compared to mobile taxa like insects (Bhagwat 
et al., 2008; Steffan-Dewenter et al., 2007). Nevertheless agroforests can also have similar 
species richness as forests, if the transformation to agroforestry occurred recently and man-
agement remained extensive (Beukema et al., 2007; Harvey & González Villalobos, 2007). 
Vanilla agroforests, in contrast to coffee and cacao agroforestry systems, are generally ex-
tensively managed with a global yield averaging around 500 kg green vanilla per hectare 
(Odoux & Grisoni, 2010). Malagasy vanilla is manually managed without the use of fertiliz-
ers or pesticides (personal observation). The extensive management of vanilla as well as the 
setting in a diverse mosaic landscape can explain the maintenance of richness levels in va-
nilla agroforests compared to forest for some of the species groups (e.g. butterflies and 
ants). 
Our findings confirm that land-use history is an important aspect in agroforestry, affecting 
species richness of several taxa, particularly endemic species. The increase in (particularly 
endemic) whole ecosystem biodiversity by vanilla agroforestry established on fallows, pre-
sents conservation opportunities in line with the goals of the UN Decade on Ecosystem Res-
toration (2021-2030; recover ecosystem from degradation) in an area identified as global 
priority for restoration (Strassburg et al., 2020). Furthermore, the IPBES report highlights 
restoration of fallow land as an important tool to combat species extinction (IPBES 2019). 
Nevertheless, our results show that whole-ecosystem diversity in old-growth forest is with-
out equal, making those forests a conservation priority.  
In contrast to our biodiversity results, land-use history did not matter for vanilla yields in-
dicating equal opportunities for profitable agroforestry on fallow land without further for-
est loss. These results are in line with findings from 209 vanilla agroforests with no signifi-
cant difference in vanilla yields in forest- to fallow-derived vanilla agroforests (Martin et al., 
2020c). In addition, unlike in cacao and coffee agroforests (Tscharntke et al., 2011), our va-
nilla agroforests did not yield higher or lower depending on canopy closure. However, 
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(endemic) trees suffered from an increase of both planting density and vine length in vanilla 
agroforests, presenting a clear conflict between cash crop production and tree conservation. 
In addition, fewer reptiles were related to longer vines. This is surprising since high yields 
were neither related to fewer trees or fewer reptiles. Diverse studies suggest that a high 
tree richness is indispensable for the maintenance of a diverse plant and animal community 
(Bhagwat et al., 2008; Moguel & Toledo, 1999). Furthermore, the loss of trees as a ‘keystone 
structure’ which other species depend on, can cause time-lagged responses of vertebrate 
and invertebrate taxa (Tews et al., 2004), and thus trees require high conservation atten-
tion. When looking at the effects of intensification, doubling from 3000 to 6000 vanilla 
plants/ha or 300-600 cm vine length, corresponded to a decrease in tree richness by 27% 
or 23%, respectively. However, high income benefits for farmers were associated to this 
intermediate intensification, with a >280% yield increase (71 kg to 200 kg) translating into 
a yearly gross income of 6160 €/ha for green vanilla at high vanilla prices of 2016 (Bouri-
quet, 1946; Hänke et al., 2018). By contrast, almost tripling planting densities to 8500 
plants/ha or quadrupling to 1200 cm vine length lowered tree species richness by >55% 
and 52%, respectively. Intermediate increases of planting density and vanilla vine length 
can thus represent a compromise for tree conservation and vanilla production. 
Global biodiversity loss through the expansion of agriculture is a pressing environmental 
concern (Kehoe et al., 2015; Laurance et al., 2014). Our study provides evidence that high 
crop yields can be combined with biodiversity benefits. Notably, vanilla yields varied by 
more than two orders of magnitude, with no correlation to richness of trees, herbs, birds, 
amphibians, reptiles, and ants. Here, vanilla agroforests established on fallows allow an im-
provement of productivity and biodiversity alike, without further expansion into intact for-
est habitat. We found a high potential for intensification of vanilla agroforests by increasing 
planting density and increasing vanilla vine length. Furthermore, canopy closure and land-
scape forest cover largely determined biodiversity with no negative effect on yield.  
Simultaneously, sustainability standards (e.g. Fair Trade, Rainforest Alliance) are needed to 
preserve key parameters such as canopy closure in vanilla agroforests. Furthermore, farmer 
cooperatives must be supported, to provide a stable income for vanilla farmers de-incentiv-
izing further encroachment into remaining forests. This stresses that careful land planning 
is needed to guide this ecological intensification process – a problem in Madagascar, where 
illegal logging and poor governance is still widespread. However, the protection of remain-
ing natural habitats is imperative for the preservation of Madagascar’s unique biodiversity 
but hinging on functional governance which needs to put effective restrictions in place.  
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7.5 Methods 
7.5.1 Study area 
All plots were situated in north-eastern Madagascar in the SAVA region around the main 
cities of Sambava, Antalaha, Vohémar and Andapa. The natural vegetation is tropical low-
land rainforest, but deforestation rates are high (Vieilledent et al., 2018). The region is a 
global but also national biodiversity hotspot with high levels of endemism (Brown et al., 
2014; Myers et al., 2000). Forest loss is mainly driven by slash-and-burn agriculture for hill 
rice cultivation (Zaehringer et al., 2015). The region is characterized by a warm and humid 
climate with an annual rainfall of 2223 mm and a mean annual temperature of 24 °C (mean 
value of 80 plots extracted from CHELSA climatology; Karger et al., 2017). The hot season 
with more rain last between October to April (Tattersall & Sussman, 1975). Vanilla is the 
main cash crop in the SAVA region, making Madagascar the main vanilla producer globally 
(FAO, 2020; Hänke et al., 2018). Vanilla prices have shown strong dynamics in the past year, 
with a price boom in 2017 triggering an expansion of vanilla agroforestry in the region 
(Hänke et al., 2018; Llopis et al., 2019). 
7.5.2 Study design 
We selected 10 villages based on the 60 villages selected within the Diversity Turn in Land 
Use Science project (Hänke et al., 2018). Among the 60 villages, we chose 17 villages without 
coconut plantations, with less than 40% covered by water (river, sea and lakes) and with 
forest fragment and shifting cultivation present within a 2km radius around the village. Two 
of these 17 villages overlapped within the 2km radius of the villages, thus we selected ran-
domly one of the overlapping villages, resulting in 14 village left. We visited these 14 villages 
in a randomized order. Two villages were excluded because in one not all land-use types 
were present and in the other the village didn’t want to participate in the study. We visited 
12 out of the 14 villages and stopped because we found 10 villages which were happy to 
participate and had all required land-uses. In each of the 10 villages we selected three va-
nilla agroforests and two fallows. Overall, we studied 50 plots across 10 villages and 10 plots 
in one protected forest (Marojejy National Park).  
7.5.3 Plot selection 
In each of our 10 villages, we selected three vanilla agroforests with low, medium and high 
canopy closure by sight covering a within village gradient of canopy cover gradient. After 
plot selection, differences in vegetation structure depending on land-use history became 
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clear to us. Thus, we used interviews with the plot owners to categorize all vanilla agrofor-
ests based on land-use history into fallow- and forest-derived agroforests according to 
(Martin et al., 2020b). Forest-derived vanilla agroforests are established within forest frag-
ments, which have been manually thinned of dense understory vegetation. Fallow-derived 
vanilla agroforests are established on formerly slash-and burned plots, where vegetation 
has been cut and burned for hill rice production. Out of our 30 vanilla agroforests, 20 vanilla 
agroforests were fallow-derived and 10 vanilla agroforests were forest-derived, matching 
with the proportion of fallow- and forest-derived vanilla agroforests across the study region 
(70% are fallow-derived vanilla agroforests, 27% are forest-derived vanilla agroforests and 
3% of unknown origin, Hänke et al., 2018).  
In addition to vanilla agroforests, we selected in each of the 10 study villages one herbaceous 
and one woody fallow. Both fallow types derive from slash-and-burn agriculture for hill rice 
production and have been left fallow following crop production. Herbaceous fallows have 
been slash-and burned multiple times with the last slash-and-burning and subsequent hill 
rice cultivation at the end of 2016, one year prior to the first species data collection in 2017. 
After hill rice production, herbaceous fallows grew through fallowing and the emergence of 
herbaceous plants and later in 2018 some woody plants. The continuous fallowing of her-
baceous fallows turns them over time into woody fallows with a domination of woody 
plants including shrubs, trees and sometimes bamboo. Our 10 woody fallows have last 
burned 4-16 years before data collection. In this study, we categorized both herbaceous and 
woody fallow as fallows. 
We also studied 10 plots at two sites of Marojejy National Park, the only remaining old-
growth forest in our area. We chose both sites for data collection within the same park be-
cause Marojejy National Park provided the only sites of old-growth forest which are contin-
uous, mostly intact and at low-altitude in the study region. We chose old-growth forest sides 
with a maximum distance of 260 m to each other, with a minimum distance of 250m from 
the forest edge and with feasible accessibility. Five of the 10 old-growth forest plots were 
located in Manantenina Valley (known as Marojejy Tourist), the other five old-growth forest 
plots were situated at the eastern part of Marojejy National Park, called Boangabe area 
(known as Marojejy East). Illegal selective logging has occurred at some parts of the park 
(Patel, 2007). During our plot selection, we avoided sites with traces of selective logging.  
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7.5.4 Plot design 
Species data was collected on plots with a radius of 25 m. We chose this size as a compro-
mise between plot size and survey time needed for all taxa studied. We established our cir-
cle plots in a homogeneous area of the land-use type or forest. Adjacent land-uses were usu-
ally different because farmers generally own small-scale land with a mean size of 0.66 ha. 
All plots had a minimum distance of 260 m to the closest neighbouring plot and a mean 
minimum distance of 794 m (SD ± 468m) to each other. Plot elevation ranged between 10 
to 819 m.a.s.l. (mean = 205 m, ± 213 m). 
7.5.5 Vegetation structure of vanilla agroforests 
Vanilla agroforests are diverse in structure and species composition. They are characterized 
by a medium high vegetation layer of vanilla plants growing on support trees (height of 
vanilla-support-tree unit is not higher than an average person to facilitate hand pollination 
and harvest) and shade trees (vanilla agroforests without shade trees exist). In total, we 
recorded 229 tree species across the 30 vanilla agroforests (trees ≥8cm DBH). Support 
trees are either planted or naturally growing. Overall, we found 122 tree species used as 
support tree, with a mean of 20.2 support tree species in forest-derived and 4.7 support tree 
species in fallow-derived vanilla agroforests. A majority of support trees are introduced 
species such as the fast-growing tree species Jatropha curcas L., Clausena excavate Burm f., 
Pachira glabra, the legimonous tree species Gliricidia sepium (Jacq.) Kunth ex Walp. and the 
food tree species Coffea canephora Pierre ex A. Froehner. But also native or endemic support 
tree species occur, such as the food plant Parinari curatellifolia Planch. Ex Benth. or Streblus 
dimepate (Bureau) C.C. Berg. Common shade trees in fallow-derived vanilla agroforests are 
the native species Albizia adianthifolia or the introduced species Clausena excavate, 
Jatropha curcas, Musa paradisiaca. Common shade trees in forest-derived vanilla agrofor-
ests are the introduced species Artocarpus heterophyllus, the endemic species of Protium 
madagascariense and Anthostema madagascariense and the native species of Harungana 
madagascariensis. Fruit trees such as papaya Carica papaya, diverse Citrus species and avo-
cado Persea Americana as well as other cash crops such as coffee Coffea canephora and ylang 





Pied selection and pied density assessment
Vanilla plant data (yield, vine length etc.) was assessed on 36 vanilla-support-tree-units of 
each circle plot. 36 vanilla-support-tree-units were evenly selected across the circle plot 
using reference lines in the shape of a square with two central diagonal lines. We chose 
vanilla-support-tree-units independent of age, length or health condition. We defined one 
vanilla-support-tree-unit as the combination of a vanilla vine and support tree. A vanilla-
support-tree-unit can consist of more than one support tree, if the distance between the 
support tree does not exceed 30 cm. We marked the 36 selected vanilla-support-tree-units 
with a unique barcode to assess leaf damage (in 2017) and vanilla yield (in 2018) on the 
same vanilla-support-tree-unit. We assessed leaf damage on 20 vanilla-support-tree-units 
(a subset of the 36 vanilla-support-tree-units). However, for 37 vanilla-support-tree-units 
(out of a total of 1080 vanilla-support-tree-units), the barcodes were lost or unreadable and 
we selected a new plant closest to the original position (independent of age, length or con-
dition) and marked it with a new unique barcode.
Yield assessment
We measured yield on 30 vanilla plantations (10 forest-derived vanilla plantations and 20 
fallow-derived vanilla plantations) in each of our 10 study villages. We measured vanilla 
yield on a total of 36 vanilla-support-tree-units (SI Chapter 7, Figure 12.10) per plantation 
in March-April 2018 prior to harvest. We assessed the vanilla yield prior to harvest to en-
sure an accurate yield assessment due to two reasons: Firstly, vanilla beans are commonly 
harvested successively due to their differing pollination date and maturity requiring multi-
ple visits throughout several weeks. Secondly, theft of vanilla beans is commonplace around 
harvest time. We therefore estimated the weight of the on-plant-hanging vanilla bean by a 
length by width formula. Vanilla beans do not change their size in the last months of their 
ripening, allowing our pre-harvest yield assessment (Van Dyk et al., 2014).
Our yield assessment consisted of one interview part with the plot owner and one measure-
ment part. The interview questions were aimed at finding out whether beans had already 
been removed from the plantation at the time of the yield assessment. We therefore asked: 
Has there been any theft on this plantation in this season? Have you already harvested any 
beans on this plantation in this season? During the measurement part we assessed the num-
ber, width and length of all vanilla beans per bean bundle/inflorescence. We measured va-
nilla bean length with a ruler starting at the junction of stem and bean until the tip of the 
bean without considering the bending of the bean. We measured width at the widest part of
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the bean using a calliper. Additionally, we counted the number of empty bases on the inflo-
rescence, i.e. the number of aborted, already harvested or stolen beans or flowers.  
To calculate the weight of each vanilla bean, we firstly calculated bean volume based on the 
standard cylinder formula using the measured width (mm) and length (cm). To calculate 
the weight (g) of each bean we used the linear regression equation (y = a + b*x) of a weight-
volume correlation of 114 vanilla beans. We assessed the weight, length and width of these 
114 vanilla beans post-harvest in 2017. No vanilla beans were stolen or already harvested 
on our 36 vanilla-support-tree-units and hence we didn’t need to account for it in our vanilla 
yield calculation. 
Planting density 
We counted each vanilla-support-tree-unit (combination of vanilla plant and support tree) 
on each 25m circle plot by dividing the plot in four quarter segments by ropes for orienta-
tion. We calculated the area of each 25 m radius plot including slope correction. Planting 
density (vanilla-support-tree-units per hectare) was calculated by dividing the number of 
vanilla-support-tree-units by the slope corrected circle plot area.  
Size of vanilla agroforest 
We measured the size of the vanilla agroforest by walking with the plot owner and a hand-
held GPS device the perimeter of the plot. We used the size of the vanilla agroforest to cal-
culate the number of vanilla-support-tree-units per agroforest by multiplying the planting 
density based on the 25 m radius plot estimation by the (slope corrected) size of the agro-
forest in hectare.  
Vanilla vine length 
We assessed vanilla vine length for all 36 vanilla-support-tree units (same vanilla-support-
tree units as used for the leaf damage and yield assessment) by measuring the total length 
of the vine from the lowest to the highest part with a measuring stick. If the vanilla vine was 
looped on the support tree (= vanilla vine is hanging in multiple loops on the support tree), 
we measured from the top height of the looping of the vanilla vine until the lowest height of 
the vine. At the medium height of the vanilla vine, we counted the number of times the va-
nilla vine passed through. We calculated the total length of the liana by multiplying the max-
imum height of the vanilla vine by the number of times the vine passed through the middle. 
In some cases, the vanilla vine looped at two different heights, we thus considered the mid-
dle between the two looping heights as top height. If the vine tissue was partially dead, we 
measured the length until the alive vine tissue ended. If the support tree, including the 
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vanilla vine, was bending in ‘half-moon-shape’ towards the ground and the vanilla vine en-
tered the soil on both sides of the support tree, we measured the top height at the middle of 
the plant. If vanilla vines grew on two different support trees, we considered them as one 
vanilla-support-tree-unit if support trees were <30 cm apart. If the distance between both 
support trees exceeded 30 cm, we considered only the support tree with most vines for the 
measurement.  
Pollination labour input 
We performed a longitudinal survey with the plot owners of our 30 vanilla agroforests from 
October 2017 to October 2018. Each plot owner had to fill out a questionnaire with picto-
grams bi-weekly over one year giving us information on total (family) labor invested in pol-
lination. We measured the actual size of each vanilla agroforest with a GPS device. We cal-
culated pollination labor input per hectare by summarizing all working hours within one 
year and dividing it by the (slope corrected) plot size. 
Vanilla plant age 
We assessed vanilla plant age by asking the farmer for each of the 36 vanilla-support-tree 
units ‘How many years ago was the liana at this plant planted?’. Here the age referred to the 
vanilla vine but not the support tree. 
7.5.7 Environmental variables 
Canopy closure 
We measured mean canopy closure at five subplots of our circular plots by taking hemi-
spherical images through a Sigma Circular Fisheye (180°) 4.5 mm 1:2.8 lens with a Nikon 
D5100 camera. The camera was fixed on a tripod at 2.4 m height above vanilla support trees 
and understory vegetation. We selected the images with the best contrast of sky and vege-
tation using the histogram-exposure protocol of Beckschäfer et al. (2013) and calculated 
canopy closure using a minimum thresholding algorithm by Beckschäfer (2015).   
Slope and elevation 
We used the 30 m-resolution digital surface model ALOS World 3D (Japan Aerospace Explo-
ration Agency, 2018) to assess the mean slope and the mean elevation of each plot. For all 
values we applied slope correction.  
Landscape forest cover 
We calculated forest cover in a 250m radius around each plot centre based on binary forest 
cover data from 2017 with a 30 m resolution (Vieilledent et al., 2018) and the R-package 
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raster (Hijmans et al., 2019). We waypoint averaged each plot centers with a hand-held GPS 
device to improve accuracy. We chose this size of radius as a compromise between mobile 
and immobile taxa.
Lower vegetation cover
We estimated the vegetation percentage cover (woody and herbaceous) visually below two 
meter for five subplots (located in the center and at 16.6m from the center in each cardinal 
direction) on each plot and calculated the mean. Vanilla-support-tree units were not con-
sidered in the estimation of vegetation cover.
Leaf damage
We assessed leaf damage on all 30 vanilla agroforests between October and December 2017 
on 20 vanilla-support-tree-units (a subset of the 36 vanilla-support-tree-units used for the 
yield assessment). We recorded the vanilla-support-tree-identity with a unique barcode. On 
each selected vanilla-support-tree-unit we assessed missing leaf tissue, leaf necrosis and 
leaf rotting. On each of the 20 plants we selected 24 leaves randomly independent of age 
and health constitution. We selected 6 leaves on each of the four main cardinal directions 
(N, E, S and W) of the plant. For random selection we divided the total length of the vine by 
6 and choose one leaf randomly on each of the 6 height levels. We marked each leaf with a 
peg until the damage assessment was completed. We assessed three different types of leaf 
damage (SI Chapter 7, Figure 12.11). We defined missing leaf tissue as the amount of irreg-
ular or regular removed leaf tissue per leaf. Leaf necrosis was defined as dead plant tissue 
visible by darkening or discoloration of the green leaf. If plant tissue decomposed, shown as 
dry or soft rot, we defined it as leaf rotting. The area of missing, rotting or necrotic leaf tissue 
was estimated per leaf in percentage and summed up to total leaf damage.
Soil characteristics
We took soil samples with a MacFadyen soil corer (5cm diameter, 295ml, 0-15cm depth). 
We took two mixed samples on each plot from four subplots respectively, one at 16.6m from 
plot center in all four cardinal directions and the second at 8.3m from plot center in all four 
inter-cardinal directions. We stored each soil sample in a zip-lock bag until laboratory anal-
ysis. In the lab, we measured pH(H20) with the fresh soil samples using 1:10 humus/water 
suspension after 24 h of equilibration. We measured pH(KCl) by adding 1.86 g KCl. We cal-
culated the mean pH values of the two mixed samples by firstly backtransforming (de-
logarithmise), then averaging and lastly logarithmise the mean value. We dried the leftover 
soil at 70 °C and ground it. We measured total organic carbon (C) and nitrogen (N)
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concentrations (mg/gTB; mmol/gTB)) by using the C/N elemental analyser (Vario EL III, 
elementar, Hanau, Germany). Additionally, we measured the concentrations (µmolc/gTB) 
of phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), iron (Fe), manganese 
(Mn), and aluminium (Al) with the ICP-OES technique (inductively coupled plasma optical 
emission spectrometry, Optima 3000 XL, Perkin Elmer, USA) subsequently to the digestion 
of the soil material with 65% HNO3 at 195 °C for 8 h. 
To identify most influential soil parameters, we performed a principal component analysis 
using the R package ggbiplot (Vu, 2011) and factorextra (Kassambara & Mundt, 2020). The 
mean values of the following 17 nutrient values of each plot were included: pH (KCl), carbon 
(C) (mmol/gTB), nitrogen (N) (mmol/gTB), organic carbon (mmol/gTB), organic carbon-
nitrogen ratio (mol/mol), phosphorus resin (P resin) (µmolP/gTB), the total effective cation 
exchange capacity (µmolP/gTB), the total base saturation (%) and the effective cation ex-
change capacity in µmolP/gTB of aluminum (Al), calcium (Ca), iron (Fe), potassium (K), 
magnesium (Mg), manganese (Mn), hydrogen (H) and in mol/l of pH percolate and HBaCl. 
We performed spearman correlation using the function cor.test from the ggpubr R package 
(Kassambara, 2020) to test for correlation among all included variables using the spearman 
rank correlation method. We found high correlations (>0.65) of effective cation exchange 
capacity of Ca, Mg and K with total mean effective cation exchange capacity but low to me-
dium correlations for effective cation exchange capacity of Al, H, Fe and Mn. Therefore, we 
excluded total mean effective cation exchange capacity from further analysis. We found high 
correlation (>0.8) between total base saturation and effective cation exchange capacity of 
Ca, Mg, Al, H and pH percolate but low to medium correlations for effective cation exchange 
capacity of K and Mn. Therefore, we excluded total base saturation from further analysis. 
Carbon was highly correlated with organic carbon. Hence, we excluded carbon from the 
analysis, since organic carbon is more biological active. Effective cation exchange capacity 
of pH percolate was highly correlated with effective cation exchange capacity of H. We ex-
cluded the effective cation exchange capacity of pH percolate from further analysis. Mean 
effective cation exchange capacity of HBaCl showed laboratory measuring mistakes and was 
therefore excluded from analysis.  
We repeated the PCA including the following 12 parameters: pH (KCl), nitrogen 
(mmol/gTB), organic carbon (mmol/gTB), organic carbon-nitrogen ratio (mol/mol), phos-
phorus resin (µmolP/gTB), the effective cation exchange capacity (µmolP/gTB) of Al, Ca, Fe, 
K, Mg, Mn and H. We computed the eigenvalues/factor loadings for each parameter in PC 1-
4. We performed a correlation matrix using spearman rank test of all remaining variables. 
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If variables were highly correlated (>0.6) we kept the variables with higher factor loading 
in PC 1 or if both variables are important plant nutrients we kept both parameters in the 
analysis. We performed a PCA with the following remaining variables: effective cation ex-
change capacity (µmolP/gTB) of Ca, K, Al and Mn as well as pH(KCl), nitrogen (mmol/gTB), 
P(resin) (µmolP/gTB) and the organic carbon-nitrogen ratio (mol/mol). We extracted the 
coordinates of PC1 and included them as soil fertility variable as explanatory variable in our 
yield and biodiversity analysis (PC1 45.2% explained variation; PC2 20.9% explained vari-
ation). 
7.5.8 Statistical analysis 
Multidiversity 
To unify the species richness of various taxa, we calculated multidiversity (Manning et al., 
2018). Multidiversity is an index that calculates a plot-level diversity across taxonomic 
groups based on a threshold approach (Lefcheck et al., 2015). The threshold approach gen-
erates multidiversity with the number of taxa which have passed a certain threshold in re-
lation to the maximum species richness found across all plots, not only a specific land-use 
type. We defined the maximum species richness for each taxa as the mean of the five highest 
numbers of species richness to minimize the effect of outliers (Allan et al., 2015). We used 
a threshold of 50% as a compromise between rigorosity and mildness. With this threshold 
we state that a certain loss of species within vanilla agroforests or fallows is acceptable but 
if species numbers fall below a 50% threshold the loss is ‘penalized’ by a reduction in mul-
tidiversity. We calculated multidiversity and endemic multidiversity across the whole 
threshold range (1%-99%) to track changes in multidiversity.  
Biodiversity depending on yield 
We investigated the relationship of species richness with vanilla yield in 30 vanilla agrofor-
ests using glmmTMB models with species richness as response variable, vanilla yield (sqrt-
transformed) in interaction with land-use history (fallow vs. forest-derived) as explanatory 
variable and village as a random effect. We scaled and sqrt-transformed vanilla yield due to 
few high-yielding plots inflating the data distribution. We assumed poisson distribution for 
the models with species richness. We used simulation plots from the DHARMa package to 
validate our model fit (Hartig, 2020). If our models were under-dispersed or over-dis-
persed, we changed the model family to compois and negative binominal (nbinom2), re-
spectively. We assumed normal distribution for the model with multidiversity as a response 
and used a linear mixed effect model instead.  
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Biodiversity depending on environmental parameters 
We assessed the environmental and management drivers of species richness with a 
glmmTMB model (M. E. Brooks et al., 2017) using species richness as a dependent variable 
and canopy closure, soil fertility, slope, landscape forest cover, vegetation cover, elevation, 
planting density, pollination labour input, vanilla vine length, leaf damage, vanilla plant age 
as explanatory variables. We added village as a random effect and scaled all explanatory 
variables. For all models, all explanatory variables were initially included (full model). We 
selected the explanatory variables for the final model by performing a Chi-square test with 
the anova function comparing the full model with models excluding each explanatory vari-
able one by one (single term deletion). The final model included all explanatory variables 
with a residual deviance (chi-squared value) <0.05 in the model comparison with the full 
model. After model simplification, we used simulation plots from the DHARMa package to 
validate the model fit (Hartig, 2020). If our models were under-dispersed or over-dispersed, 
we changed the model family to compois and negative binominal (nbinom2), respectively. 
To assess marginal and conditional R2 we used the delta method using the rsquaredGLMM 
function of the package MuMIn (Bartoń, 2020).  
Yield depending on environmental variables 
We investigated the drivers of vanilla yield using a linear mixed effect model with yield 
(sqrt-transformed) as response variable and the same dependent variables as for the anal-
ysis of biodiversity drivers including village as a random effect. All explanatory variables 
were scaled. We used the same model simplification approach as for the model identifying 
the drivers of species richness and validated model fit with DHARMa package (Hartig, 
2020).   
Biodiversity comparison 
We assessed differences in species richness between forest, forest-derived vanilla agrofor-
ests, fallow-derived vanilla agroforest and fallows by fitting a glmmTMB model (M. E. 
Brooks et al., 2017) with species richness as a response variable and land-use type as ex-
planatory variable with village as random effect. For multidiversity we used a linear mixed 
effect model to model the effect of land-use type. We used the glht function from the 
multcomp package (Hothorn et al., 2008) applying a Tukey's all-pair comparisons with Bon-
ferroni correction to assess differences in species richness between land-use types.  We as-
sumed normal distribution for the model explaining multidiversity but poisson distribution 
for all other models explaining individual taxa richness and changed to compois or negative 
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binominal (nbinom2) family if models were under- or over-dispersed. We used simulation 
plots from the DHARMa package to validate our model fit (Hartig, 2020).   
7.5.9 Biodiversity assessment 
Trees 
We sampled trees between September 2018 and January 2019 on all land-use types with 
tree except herbaceous fallow. We received access to 48 plots (all except two fallow-derived 
vanilla agroforest). We did a full inventory of all trees with free-standing stems of ≥ 8 cm 
diameter at breast height in each plot. This included trees, arborescent palms, herbs, and 
tree ferns but excluded lianas. We identified tree individuals with the help of a local and a 
taxonomic expert from Missouri Botanical Garden (Antananarivo). We derived information 
on origin and endemism for each species from the Tropicos Madagascar Catalogue (Mis-
souri Botanical Garden, 2019). See Osen et al. (in review) for more details. 
Herbaceous plants 
We sampled herbaceous plants in eight subplots of 4 m2 each (32 m2 overall). In each sub-
plot, we assessed vascular plant species that without apparent wood at maturity. We deter-
mined each species’ endemism status from the Tropicos Madagascar Catalogue (Missouri 
Botanical Garden, 2019). See Raveloaritiana et al. (in review) for more details. 
Birds 
We sampled birds during two 40 min point counts per plot. We conducted one point count 
in 2017 (September-December) and a second one between August and December 2018. In 
old-growth forest plots, we did all point counts in 2018 (August 2018 and December 2018). 
We disregarded observations in flight and outside the plot. We defined species only occur-
ring in Madagascar according to BirdLife species fact sheets as endemic. See Martin et al. 
(2020a) for more details. 
Amphibians and reptiles 
We sampled amphibians and reptiles using repeated time-standardized search walks by 
two observers. We visited each plot three times during the day and three times at night. We 
did so during the driest (One nocturnal and one diurnal search between October – Decem-
ber 2017; one nocturnal and one diurnal search between August-December 2018) and wet-
test period (One nocturnal and one diurnal search between January - April 2018 or in Feb-
ruary 2019). We systematically walked the plot in zig-zag pattern. We actively checked mi-
crohabitats to detect individuals hiding therein. When encountering an individual, we 
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stopped the standardized search time and identified the individual following Glaw & Vences 
(2007). We took DNA samples to determine the species for those individuals that proved 
difficult to identify using morphological characteristics only. More information in Fulgence 
et al. (in prep.). 
Butterflies 
We sampled butterflies with fruit traps and sweep nets between August and December 
2018. We baited fruit traps with fermented banana and deployed the cylindrical nets for 24 
hours. Prior to deployment, we fermented bananas for 48 hours in an air-tight container. 
On each plot, we installed a total of 8 fruit traps. We deployed four fruit traps at 16.6 m 
distance from the plot center in the four main cardinal directions and the other four fruit 
traps at 20 m distance from the center in the four inter-cardinal directions. During the 30 
minutes time-standardized sweep netting, we caught butterflies within an imaginary 2 m 
wide box to each side of the sweep-net while walking at slow and steady speed in a zigzag 
to equally cover the plot area. We performed the time-standardized netting in dry and low-
wind conditions only, either in the morning (8 am-12 pm) or in the afternoon (1-5 pm). We 
then collected and dried all captured butterflies and identified them to species level in the 
laboratory (moths excluded). 
Ants 
We sampled ground-foraging ants using bait and pitfall traps. We conducted the sampling 
in the villages between October and December 2017, and in the old-growth forest in August 
and December 2018. We established five sampling stations per plot: one at the plot center, 
and four at 16 m distance from the plot center; one in each cardinal direction. We then set 
bait and pitfall traps 10 m apart at each sampling station. We baited the bait traps using 
sardine and sugar on two white flat plastic plates with a diameter of 13 cm and placed the 
two plates about 5 cm apart.  We left the baited traps for 30 minutes before collecting ants 
for 30 seconds. We buried the pitfall traps (plastic cup of 9 cm top diameter, 11 cm depth, 
and 6 cm bottom diameter) in the soil and filled them one-third with 70-%-alcohol and a 
few drops of soapy water. We emptied the pitfall traps after 48 hours and identified ants to 
species/morphospecies level in the laboratory. We defined endemic ant species as those 
species only present in the country of Madagascar.  
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8.1 Abstract 
Effective policies to preserve rainforest and diverse agricultural mosaic landscapes in the 
tropics are urgently needed. However, land-use options presented to people are dependent 
on prior decisions made in the past, implying path-dependency. We illustrate the strength 
of explicitly incorporating path-dependency into land-use science by using a trajectory ap-
proach to land-use changes in the biodiversity hotspot of north-eastern Madagascar. Here, 
smallholder agriculture has resulted in a mosaic landscape with contiguous old-growth for-
ests, forest fragments, vanilla agroforestry, and shifting cultivation. On the land-use trajec-
tory, we identify three conservation opportunities. We then assess trade-offs and win-win 




four measures of agricultural productivity. At one of the three opportunities, we identify a 
win-win situation through multifunctional and profitable vanilla agroforestry established 
on former fallow land, while trade-offs dominate under forest transformation. In sum, in-
corporating path-dependency along a land-use trajectory enables us to derive relevant pol-
icy recommendations for land-use issues in Madagascar, highlighting a rapidly closing ‘win-
dow of opportunity’ for conservation action in this biodiversity hotspot. 
Key words: agroforestry, conservation, land-use change, land-use history, land-use policy, 
land-use trajectory, Madagascar, path-dependency, shifting cultivation, vanilla 
8.2 Introduction 
Unique tropical ecosystems face multiple pressures (Bowler et al., 2020), putting species 
(Brooks et al., 2002) and ecosystem functions (DeFries et al., 2004) at risk. A key pressure 
is deforestation (Rosa et al., 2016), which may result in monocultures or heterogeneous 
mosaic landscapes, depending on the drivers of forest loss (Curtis et al., 2018). If driven by 
smallholder activities, resulting tropical mosaic landscapes may host a plethora of different 
land uses. Thanks to the diversity of the various mosaic pieces, such landscapes may be a 
balanced ecosystem that delivers for biodiversity, ecosystem functions, and people 
(Tscharntke et al., 2012). Policies may thus be concerned with avoiding undesired changes 
within these mosaics or with enhancing mosaic landscapes through targeted interventions 
(Prudhomme et al., 2020). This seems particularly important, given the interacting effects 
of land-use and climate change on biodiversity in tropical mosaic landscapes (Hendershot 
et al., 2020; Williams & Newbold, 2020) and the frequent loss of regulating ecosystem ser-
vices over time (Pereira et al., 2020). 
These dynamics suggest that conservation opportunities exist at deforestation frontiers, 
where old-growth can be conserved, as well as within the mosaic landscapes. However, 
some of these opportunities may be closing, thereby limiting future land-use options: for 
example, conserving old-growth forests in landscapes with no such forest left, will prove 
impossible (Hedges et al., 2018). Similarly, conserving biodiversity in tree-rich agroforests 
will only be possible as long as such agroforests exist (Geeraert et al., 2019). These examples 
highlight that future land-use options may be limited, as they are dependent on today's de-
cisions, as well as that current options may be limited by past decisions, a concept termed 
‘path-dependency’ (Jepsen et al., 2015; Wilson, 2007). To operationalize this approach, we 
can conceptualize a landscape along a land-use trajectory, which describes a landscape 
along several distinct stages that may be converted into each other following the trajectory 
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(Geist et al., 2006; Wilson, 2007), thereby accounting for the inherent path-dependency. Im-
portantly, the different stages differ in their divergence from the historical land cover (e.g. 
old-growth forest) but may all occur simultaneously in space. 
Here, we propose that the identification of conservation opportunities along land-use tra-
jectories may help to identify intervention points for policy in complex mosaic landscapes. 
At each conservation opportunity, research may identify co-benefits and trade-offs in terms 
of biodiversity, ecosystem functions, and agricultural productivity, which can be directly 
compared and weighed against each other. This approach may help, for example, to calcu-
late economic losses for land users that should be compensated for, if a conservation op-
portunity is to be realised (Neudert et al., 2017). Furthermore, research may identify which 
intervention points along the land-use trajectory offer the most co-benefits, thus represent-
ing a promising conservation opportunity. Lastly, path dependency also suggests the possi-
bility of closing ‘windows of opportunity’, as current decisions may limit the conservation 
opportunities which will exist in the future. 
We apply our framework of land-use trajectories and conservation opportunities to the case 
of Madagascar - a biodiversity hotspot, where the once continuous old-growth forest has 
been largely converted into agricultural land uses over the past century (44% forest loss 
from 1953-2014; Vieilledent et al., 2018). Smallholder agriculture, predominantly through 
shifting cultivation, remains the main driver of forest loss in the north-eastern part of the 
country (Zaehringer et al., 2015), which  is in line with  deforestation dynamics in Sub-Sa-
haran Africa (Curtis et al., 2018; van Vliet et al., 2012). North-eastern Madagascar is also the 
most important vanilla growing region globally, with vanilla providing a livelihood for an 
estimated 70-80’000 households (SVI, 2020). Here, smallholders farm the vanilla orchid 
(Vanilla planifolia) in agroforestry systems, largely relying on family labour (Hänke et al., 
2018). Yet, vanilla agroforests differ in their land-use history: forest-derived agroforests are 
established inside remaining forests, while fallow-derived agroforests are established on 
fallow land, previously forming part of the shifting hill rice cultivation cycle (Martin et al., 
2020b). Vanilla, therefore, plays a role at two distinct points along the land-use trajectory: 
if forest-derived, vanilla agroforestry contributes to forest degradation; if fallow-derived, 
vanilla agroforestry has the potential to rehabilitate fallow land (Martin et al., 2020c).  
To date, conservation policies in Madagascar have largely focused on old-growth forest con-
servation, paying little attention to land-use change and intensification within mosaic land-
scapes (Rakotomanana et al., 2013). However, research has shown an ongoing loss of forest 
fragments (Schüßler et al., 2020) and a structural simplification of mosaic landscapes in te 
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country (Zaehringer et al., 2015). This change may be associated with the loss of biodiver-
sity and ecosystem functions on the one hand, and with a gain in agricultural productivity 
on the other. A comprehensive assessment for north-eastern Madagascar is, however, miss-
ing. 
To identify conservation opportunities for a sustainable land-use transformation, we con-
ceptualized the landscape of north-eastern Madagascar along the predominant land-use 
trajectory, thereby explicitly accounting for path dependency. Old-growth forest (Stage 0; 
historic baseline, see Figure 8.1) can be burned for shifting hill rice cultivation (Stage 1). 
 
Figure 8.1: Hypothesized transformation outcomes for ecosystem functions and biodiversity along 
the predominant land-uses trajectory in north-eastern Madagascar with conservation opportuni-
ties 1-3. At each conservation opportunity, the current land-use could be preserved or alternatively 
converted into one of two alternatives. These alternatives can then be evaluated against the current 
stage and against each other concerning ecosystem functions, biodiversity, and agricultural produc-
tivity. The relative position on the y-axis for each land-use type represents hypothesized outcomes 
for ecosystem functions and biodiversity.  
Alternatively, an old-growth forest may be fragmented and heavily used for timber extrac-
tion, resulting in forest fragments (Stage 1). These fragments can, in turn, be transformed 
into shifting hill rice cultivation or into forest-derived vanilla agroforests (Stage 2). Irre-
spective of their previous use, hill rice fields are left fallow and usually develop into woody 
fallows within a few years (Stage 3). Such woody fallows can again be transformed, cur-
rently either through an additional cycle of shifting hill rice cultivation or through the es-
tablishment of a fallow-derived vanilla agroforest (Stage 4). Rice paddies are another prev-
alent land-use type in the region but are not part of the main trajectory as they are typically 
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established in floodplains and wetlands. Given the here-described trajectory, we hypothe-
size possible outcomes for biodiversity, ecosystem functions, and agricultural productivity.  
As indicated in Figure 8.1, we expect ecosystem functions and biodiversity to decline 
through conversion of old-growth forest (Carrasco et al., 2017; Newbold et al., 2015), par-
ticularly if transformed through slash-and-burn rather than forest use and fragmentation 
(Klanderud et al., 2010). Similarly, we hypothesize a loss of ecosystem functions and biodi-
versity under forest fragment conversion (Carrasco et al., 2017; Newbold et al., 2015), again 
more pronounced if under the use of slash-and-burn for shifting cultivation (Klanderud et 
al., 2010). We also hypothesize a gain of ecosystem functions and biodiversity under fallow 
regrowth (to stage 3), and a further rehabilitation through fallow-derived agroforestry 
(Martin et al., 2020b). Again, we hypothesize a loss of ecosystem functions and biodiversity 
under hill rice cultivation. 
8.3 Results 
To test these hypotheses, we collected data on seven taxa (trees, herbaceous plants, birds, 
amphibians, reptiles, butterflies, and ants), five ecosystem functions and services (above 
ground carbon, soil organic carbon, predation rate, natural product provisioning and water 
regulation; thus excluding yields; hereafter ecosystem functions), and three parameters of 
agricultural productivity (profit per unit labour, profit per unit area, and yield) across the 
seven predominant land-use types of north-eastern Madagascar. None of the land-use types 
scores highly in all three domains (biodiversity, ecosystem functions, and agricultural 
productivity; Figure 8.2), suggesting trade-offs between biodiversity and ecosystem func-
tions on the one hand, and agricultural productivity on the other. This is also apparent when 
comparing land-use types along the dominant land-use trajectory of the region (Figure 8.3), 
but important conservation opportunities (Figure 8.4) exist through vanilla agroforestry 
that combine medium levels of biodiversity and ecosystem functions with high profits from 
vanilla farming. 
8.3.1 Multidiversity, multifunctionality and agricultural productivity differs be-
tween land-use types 
We collected the data for seven taxa and three ecosystem functions on 80 plots of all six 
land-use types that form part of the trajectory, as well as on rice paddy (10 plots per land-
use type, except 20 plots for fallow-derived vanilla). Additionally, we interviewed people 
about the ecosystem services (water regulation and natural product provisioning) they 
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profit from. We combine these data by calculating endemic multidiversity, multidiversity, 
and multifunctionality. These combined measures enable us to summarize the ability of 
each land-use type to simultaneously host a suite of (endemic) taxa and to provide multiple 
ecosystem functions and services into only three measures. We display (endemic) multidi-
versity and multifunctionality at a 50% threshold, i.e. as a proportion of species/functions 
that surpass 50% of the mean value of the top five plot for that species/function on any 
land-use type. Additionally, we compare three parameters of agricultural productivity (har-
vest per unit area, net income per unit area, and net income per unit labour; collected 
through a longitudinal study) across all seven land-use types (Figure 8.2).  
 
Figure 8.2: Parallel coordinate plots displaying key characteristics of one focal land-use type (col-
our) in relation to the other six predominant land-use types (grey) in north-eastern Madagascar. 
Variables displayed are multidiversity, endemic multidiversity, multifunctionality (each at the 50% 
threshold), profit per unit labour, profit per unit area, and yield. To make values across various 
scales comparable, we subtracted underlying values from the mean and divided by the standard de-
viation within each variable. We then plotted the mean of the standardized value for each land-use 
type and variable. 
Old-growth forest performs best for multidiversity and, even to a greater extent, for multi-
diversity of endemic species (Figure 8.2). Old-growth forests also play a key role for ecosys-
tem functions but have no agricultural productivity. Forest fragments also emerge as im-
portant reservoirs for biodiversity and most ecosystem functions, but likewise provide no 
agricultural productivity. In contrast, forest-derived vanilla agroforests, that are established 
directly inside forests, are highly profitable per unit labour and per unit area and provide 
habitat for more species than forest fragment yet have fewer endemics. Hill rice and woody 
fallows, which form part of the shifting cultivation cycle, perform relatively poorly in terms 
of biodiversity and ecosystem functions and rice yields are lower than those from rice 
paddy. Furthermore, hill rice farming is not profitable. Fallow-derived vanilla, that is, vanilla 
agroforests established on fallow land, performs similarly to woody fallow in terms of 
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biodiversity and ecosystem functions but is highly profitable per unit area and per unit la-
bour. Rice paddies provide high yields and profits but perform badly in terms of biodiversity 
and ecosystem functions. 
8.3.2 Multidiversity and multifunctionality dynamics along the land-use trajectory 
Along the land-use trajectory, changes in biodiversity are strongest under old-growth forest 
transformation (Stage 0 to stage 1, Conservation opportunity 1; Figure 8.3 A, B). Losses un-
der transformation to hill rice farming strongly exceed losses under transformation to for-
est fragment. Losses in both cases are particularly pronounced for endemic species which 
reacted stronger than the community as a whole. Importantly, a second major drop in bio-
diversity happens when forest fragments are transformed to hill rice farming, again more 
pronounced for endemics (Stage 1 to stage 2, Conservation opportunity 2; Figure 8.3 A, B). 
Transforming forest fragments to forest-derived vanilla agroforests, on the other hand, lim-
its losses of endemic species and increases multidiversity of all species (Figure 8.3). How-
ever, hill rice fields developing into woody fallows regain some multidiversity and endemic 
multidiversity, but pre-burning levels cannot be reached (Stage 1 / 2 to stage 3). 
 
Figure 8.3: Multidiversity, endemic multidiversity and multifunctionality at stages along a land-use 
trajectory in north-eastern Madagascar. Losses of multidiversity (A), and to a greater extent endemic 
multidiversity (B), happen after old-growth forest conversion, particularly if land enters shifting hill 
rice cultivation. Differences at later transitions within the land-use trajectory (Conservation oppor-
tunities 2 and 3) are less strong. However, retaining non-burned forest fragment and forest-derived 
vanilla agroforestry is generally superior to the conversion to previously burned land-uses (shifting 
cultivation, fallow-derived agroforestry). Multifunctionality (C) shows less pronounced differences 
between land-use types, but again old-growth forest and forest fragments stand out. Points coloured 
according to the land-use type represent the mean value for each land-use type while error bars rep-
resent standard errors. Multidiversity, endemic multidiversity, and multifunctionality values for all 
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land-use types are shown here for a 50% threshold; 20% and 80% thresholds are displayed in SI 
Chapter 8, Figure 12.14.
Multifunctionality generally differs less strongly between land-use types (Figure 8.3). How-
ever, multifunctionality is highest in old-growth forests and, in parallel to multidiversity, 
declines stronger under conversion to hill rice cultivation than if converted to forest frag-
ments. However, differences between all other human-dominated land-use types are negli-
gible at the 50% threshold. These trends are qualitatively similar at the 20% and 80% 
threshold (SI Chapter 8, Figure 12.14). However, differences between land-use types are 
largest at the 50% threshold for multidiversity and endemic multidiversity but largest at 
the 20% threshold for multifunctionality (SI Chapter 8, Figure 12.14).
8.3.3 Trade-offs and win-win outcomes at conservation opportunities 
To explicitly analyse possible trade-offs and co-benefits between variables at each conser-
vation opportunity, we contrast gains and losses of all available variables under both plau-
sible land-use conversions to the current stage at each conservation opportunity (Figure 
8.4). To make data comparable across variables, we standardize all values by subtracting 
the mean of the variable and dividing through the standard deviation, allowing us to calcu-
late a standardized change compared to the current stage. 
Trade-offs between biodiversity conservation and ecosystem functions on the one hand, 
and agricultural productivity on the other hand, are evident at conservation opportunity 1, 
where old-growth forest is at risk of conversion into hill rice cultivation. A conversion to 
forest fragments has largely similar trade-offs, but to a lesser extent. At conservation op-
portunity 2, forest fragments may be converted to hill rice fields or forest-derived vanilla 
agroforests. Again, trade-offs prevail under conversion to hill rice cultivation. Converting 
forest fragments to forest-derived vanilla agroforests, on the other hand, offers mutually 
beneficial outcomes between agricultural productivity and biodiversity conservation and 
ecosystem functions, respectively. At conservation opportunity 3, land-users face the option 
of continuing shifting cultivation or establishing a fallow-derived agroforest on the same 
land. At this opportunity, farming profits can be raised by more than 3500 € per hectare 
without consistently negative effects for biodiversity and ecosystem functions, as land un-
der shifting cultivation is converted into permanent vanilla agroforestry. 
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Figure 8.4: Comparison of biodiversity, endemic biodiversity, ecosystem functions, and agricultural 
productivity at conservation opportunities 1-3 along a land-use trajectory in north-eastern Mada-
gascar. Conservation opportunity 1: Conserving old-growth forest is necessary to retain many en-
demic taxa and high levels of ecosystem functions. Conversion to shifting hill rice cultivation has 
overall stronger effects than conversion to forest fragments. Conservation opportunity 2: Conserv-
ing forest fragments is important to retain biodiversity and ecosystem functions, but the lack of ag-
ricultural productivity encourages their conversion. In case of forest fragment conversion, forest-
derived agroforests outperform shifting hill rice cultivation across variables. Conservation oppor-
tunity 3: Mutually beneficial outcomes are possible under conversion of fallow land to fallow-
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derived vanilla agroforestry, given stable multidiversity and multifunctionality and a strong increase 
in profitability. Values are standardized to enable comparison; dots represent mean changes com-
pared to the previous stage, and errorbars represent standard deviations of mean changes, thereby 
representing the variability across plots and households, respectively. 
8.4 Discussion 
In this study, we combine data on seven taxa, five ecosystem functions, and three measures 
of agricultural productivity to assess three conservation opportunities along a land-use tra-
jectory in north-eastern Madagascar, thereby explicitly accounting for path dependency in 
land-use decisions. We find co-benefits between ecosystem functions and biodiversity on 
the one hand, and agricultural productivity on the other hand, under conversion of fallow 
land into fallow-derived vanilla agroforestry. Trade-offs nonetheless prevail under forest 
conversion into shifting hill rice cultivation and vanilla agroforestry, suggesting that a tar-
geted policy, that compensates for opportunity costs of land-users, may help to realize the 
two conservation opportunities that do not offer co-benefits. Finally, we argue that the ap-
proach of conservation opportunities along land-use trajectories may be a viable tool for 
land-use science and policy elsewhere. 
8.4.1 Conservation opportunity 1: Trade-offs in old-growth forest conservation 
Our results indicate that the loss of old-growth forest in north-eastern Madagascar is asso-
ciated with a loss of species richness and an even stronger loss of endemic species richness 
across taxa. The stronger losses for endemic species supports the view that these species 
are more affected by land-use change than non-endemic species (Waltert et al., 2011; 
Wilmé, 1996). Furthermore, it also underlines the importance of conserving the remaining 
old-growth forests in Madagascar (Rakotomanana et al., 2013). 
These losses are particularly strong when old-growth forests enter the shifting cultivation 
cycle for hill rice production - i.e. when they are cleared under the use of slash-and-burn. 
The fragmentation into forest fragments and the extraction of timber and other natural 
products also results in a loss of (endemic) species, but to a lesser extent. However, our 
assessment of conservation opportunity 1 also shows the considerable benefits land users 
gain from old-growth forest conversion. Hill rice cultivation results in rice yields that are 
mainly used for subsistence as poorer households own little or no paddy rice (Hänke et al., 
2018), thus contributing to food security (Andriamparany et al., in review). Furthermore, 
forest fragments and fallow land is used for natural product extraction. 
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Given these benefits of old-growth conversion, land-users need clear economic alternatives 
to forest conversion or alternatively need to be compensated for losses they experience. For 
example in eastern Madagascar, opportunity costs for forest use and forest conversion re-
strictions are estimated at 27-84% of total annual income for median-income households 
(Poudyal et al., 2018). Compensation could be achieved through various approaches, but 
current REDD+ (Reducing Emissions from Deforestation and Forest Degradation) programs 
in Madagascar undercompensate real costs (Neudert et al., 2017; Poudyal et al., 2018). Fur-
thermore, unrolling such an approach in the remote study landscape at a large scale would 
remain an additional hurdle. 
8.4.2 Conservation opportunity 2: Maintaining forest fragments and favouring for-
est-derived agroforestry over shifting cultivation 
Conservation opportunity 2 shows that maintaining forest fragments benefits endemic bio-
diversity and ecosystem functions and services, exceeding both the conversion into forest-
derived vanilla agroforests as well as the conversion into shifting hill rice cultivation. This 
result underpins past research (Ricketts et al., 2004; Şekercioğlu et al., 2007) on the high 
value of rapidly vanishing tropical forest fragments (Hansen et al., 2020) for biodiversity 
and ecosystem services. However, the conversion of forest fragments into forest-derived 
vanilla agroforestry, where understory shrubs are used as support trees for the vanilla 
vines, while most of the canopy stays intact, maintains much of the biodiversity and ecosys-
tem functions of forest fragments. Indeed, overall species richness even increases mostly 
due to non-endemic herbaceous plants, birds, butterflies, and ants that are slightly more 
species-rich in the more open forest-derived agroforests. Interestingly, a chronosequence 
within vanilla agroforest shows stable canopy cover in forest-derived vanilla agroforests 
over time, suggesting that forest-derived agroforests may sustain trees over many years 
(Martin et al., 2020c). This may be due to the absence of a response of vanilla yields to light 
- meaning that the maintenance of trees in vanilla agroforests does not lead to decreasing 
yields (Martin et al., 2020c). In contrast, positive yield responses to light often incentivize 
the reduction of canopy cover in other agroforestry crops such as coffee or cacao 
(Tscharntke et al., 2011), setting vanilla apart. 
The profitability of vanilla farming, both per unit labour and unit land, strongly incentivises 
the conversion of forest-fragments into forest-derived vanilla agroforests, particularly un-
der high vanilla prices as between 2012 and 2019. Given the limited trade-offs in forest-
derived vanilla agroforestry, it may be advantageous to focus efforts on old-growth forest 
conservation, while conserving trees from forest fragments through forest-derived 
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agroforestry. In sum, forest-derived agroforestry established inside forest fragments is jus-
tifiable as an alternative to shifting cultivation in terms of biodiversity, ecosystem functions, 
and agricultural productivity. 
8.4.3 Conservation opportunity 3: Possible win-win opportunity in the rehabilita-
tion of fallow land through fallow-derived agroforests 
The last conservation opportunity along the trajectory occurs on fallow land. Fallows form 
an integral part of the shifting cultivation cycle (Styger et al., 2007), following the cultivation 
of crops. Land users who own fallow land in north-eastern Madagascar essentially face 
three options: first, land users may keep the land under shifting cultivation by initiating an-
other rice cultivation cycle through slash-and-burn. This transformation would be associ-
ated with a short-term loss of biodiversity but an increase in yield. Importantly, the land 
should stay fallow for several years prior to the conversion to ensure the sustainability of 
the technique (Styger et al., 2007). Otherwise, the land may enter land degradation associ-
ated with non-native plants and a loss of fertility (Laney, 2002; Styger et al., 2007). A short-
ening of fallow periods can, however, be observed in eastern Madagascar as land becomes 
scarce (Laney, 2002) and degraded land does occur in our study region (Styger et al., 2007). 
This further questions the sustainability of the technique and shows the importance of long-
enough fallow periods and/or alternative land use such as fallow-derived agroforestry, the 
second option at this conservation opportunity. 
Under this second option, land users may establish a fallow-derived vanilla agroforest. Here 
we show that the conversion of fallow land into fallow-derived vanilla agroforest is associ-
ated with strong gains in profitability and stable or slightly increasing biodiversity indica-
tors, including endemic multidiversity. Similarly, fallow-derived agroforests also show eco-
system functioning and ecosystem functions at par with fallow land. We therewith identify 
the fallow-derived vanilla agroforests as a win-win-win opportunity between biodiversity, 
ecosystem functions, and agricultural productivity. This opportunity will also avoid land 
degradation through unsustainable shifting cultivation (Labrière et al., 2015; Styger et al., 
2007), thus providing an additional benefit. 
Nonetheless, various factors may prohibit land users from converting their fallow land into 
fallow-derived vanilla agroforests. On the one hand, labour input for vanilla is high (Hänke 
et al., 2018). Expanding vanilla cultivation may thus necessitate to lessen other farming ac-
tivities (Laney & Turner, 2015), such as rice cultivation, or to hire labour. Additionally, va-
nilla yields only after three years (Havkin-Frenkel & Belanger, 2018), thereby creating a 
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time lag between resource investment and the first pay-off. Another factor that may hinder 
fallow-derived vanilla agroforest expansion is that sustainability certification schemes (e.g. 
Rainforest Alliance, Organic) require diverse and native shade-tree cover (International 
Trade Centre, 2019), a criterion that may be more difficult to meet in fallow-derived agro-
forestry compared to forest-derived agroforestry (see Martin et al. (2020b) for an extended 
discussion of the topic). 
The third possible option, allowing secondary forest regeneration on woody fallow, is ex-
tremely rare. Indeed, secondary forests barely occur in eastern Madagascar (Klanderud et 
al., 2010). This may be due to land scarcity, prompting farmers to keep land inside the shift-
ing cultivation system. Additionally, accidental fire escapes from neighbouring land may 
reach into mature woody fallows (Kull, 2002; Styger et al., 2007), thereby halting secondary 
forest regeneration. Lastly, repeated burning depletes the soil seedbank of native trees and 
promotes invasive shrubs (Styger et al., 2007), thus limiting the potential for secondary for-
est regeneration. 
In sum, land-use policies targeted towards reduced land degradation should aim at increas-
ing access to fallow-derived agroforestry for land users that struggle to establish agrofor-
ests without support. For example, a guaranteed food aid for the three years until the first 
vanilla yield could act as an accelerator for farmers who struggle to establish vanilla agro-
forestry due to the competing labour demand with rice farming. Additionally, vanilla sus-
tainability certification should incorporate land-use history in their criteria, facilitating the 
certification of fallow-derived vanilla agroforests (Martin et al., 2020b). 
8.4.4 Conceptualizing the landscape along a land-use trajectory: advantages and 
limitations 
Our study reveals how the conceptualization of the study landscape along a land-use trajec-
tory may help to identify conservation opportunities and trade-offs respectively win-wins 
associated with these opportunities. The here-identified land-use trajectory incorporates 
all predominant land-use types of the study region, thereby exemplifying real-world land-
use dynamics. 
The approach also shows that ignoring the land-use history of agroforests, and thereby 
path-dependency, would lead to a wrong assessment of their value for biodiversity and eco-
system services. Indeed, incorporating the land-use history of vanilla agroforests in this 
study made it possible to 1) identify that forest-derived agroforests degrade forests while 
fallow-derived agroforests rehabilitate formerly forested fallow land, 2) missed the 
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difference in endemic biodiversity between forest- and fallow-derived agroforests. These 
findings are in line with a recent review of land-use history in agroforests (Martin et al., 
2020b) which shows that the incorporation of land-use history is key to properly assess the 
conservation value and ecosystem service provisioning of agroforestry systems. 
The observed early- to medium-stage forest transition in eastern Madagascar is particularly 
worrying, given that forest regeneration - which tempts to dominate later stages of forest 
transition - is particularly slow in Madagascar and rarely occur in the study region (see 
above). Secondary forests are thus not part of the here-described land-use trajectory in the 
region, nor are other currently rare land-use types such as pastures, degraded land, or non-
vanilla agroforests.   
As new actors, new infrastructure, or new market opportunities arrive, new land-use tra-
jectories may emerge. Examples from south-east Asia show that the arrival of new market 
opportunities with new cash crops can transform landscapes in a matter of years (Vongvi-
souk et al., 2014), thus also resulting in new land-use options and trajectories. Such a new 
option along the trajectory could create new or altered conservation opportunities in the 
future which cannot be evaluated here. Nonetheless, vanilla farming has a long tradition in 
north-eastern Madagascar (Correll, 1953) and farmers stick to farming this crop even dur-
ing low price phases (FAO, 2020). This is possibly due to weak market development for 
other crops (Hänke et al., 2018), low diversification of smallholder farms (Hänke et al., 
2018), a strong historical focus on vanilla (Correll, 1953), and the remoteness and the lack 
of reliable transport infrastructure in the region (Weiss et al., 2018) which may hamper the 
export of more bulky cash crops such as palm oil or rubber that are more difficult to 
transport. This suggests that the here-studied trajectory may be relatively stable over time 
and can thus provide policy guidance for years to come. 
Similarly to land-use change, land-use intensification within a given land-use type may also 
erode biodiversity and ecosystem functions, while benefiting yields and profits (Grass et al., 
2020; Meyfroidt et al., 2018) - a dynamic not covered here. Our research from more than 
200 vanilla agroforests in the region does, however, show stable or increasing canopy cover 
over time, indicating limited that vanilla agroforests are not intensified at the cost of trees 
(Martin et al., 2020c). Furthermore, farmers use neither pesticides nor fertilizers in the va-
nilla agroforests (Hänke et al., 2018; Havkin-Frenkel & Belanger, 2018), suggesting that 
land-use change is currently a more important driver of biodiversity decline than land-use 
intensification. 
 169 
8.4.5 Policy recommendations informed by conservation opportunities 
We derive four key policy recommendations from the analysis of conservation opportuni-
ties along the predominant land-use trajectory in north-eastern Madagascar. Firstly, re-
maining old-growth forests have to be conserved, but opportunity costs for local land users 
need to be entirely and efficiently compensated for (Poudyal et al., 2018). Likewise, local 
livelihoods need to be taken into account, otherwise conservation efforts are unlikely to be 
successful in Madagascar (Andriamihaja et al., 2021; Cullman, 2015). Secondly, fallow-de-
rived vanilla agroforestry should be favoured over forest-derived agroforestry (Martin et 
al., 2020b), given win-win situations for ecosystem functions and biodiversity on the one 
hand, and agricultural productivity on the other. Thirdly, forest-derived agroforestry should 
only be encouraged as an alternative to deforestation of forest fragments and should play 
no role in old-growth forest degradation (Martin et al., 2020b). Fourthly, while shifting cul-
tivation hill rice cultivation may not be economically profitable at first sight, its contribution 
to food security (Andriamparany et al., in review) and natural product provisioning (Rave-
loaritiana et al., in prep.) is considerable. This is mainly because hill-rice farming households 
are in average poorer and own no or little land for paddy rice cultivation (Hänke et al., 
2018), illustrating the need for shifting cultivation despite low yields (Andrianisaina et al., 
in prep.).    
Policies should thus encourage the sustainable continuation of existing shifting cultivation 
with long-enough fallow periods and other measures that support yields in the long term, 
rather than calling for their abandonment (Mertz, 2002). Sustainable shifting cultivation 
may, however, only be possible with enhanced access to rice paddies (e.g. through invest-
ment in irrigation) for typically disadvantaged households that are currently heavily de-
pendent on shifting hill rice cultivation and thus forced to apply short fallow periods. Rice 
paddies have higher yields and higher profits than shifting hill rice cultivation but have lim-
ited value for ecosystem functions and biodiversity (Figure 8.2). Alternatively, short-term 
rice aid could support farmers in transitioning from shifting hill rice cultivation to perma-
nent vanilla agroforestry on parts of their land to bridge the three years from investment to 
first yield in vanilla cropping. Importantly, all of these policies will rely on the empower-
ment of various global and local actors in their ability to jointly implement necessary steps 
(Andriamihaja et al., 2021). 
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8.4.6 Broader applications: land-use trajectories as a tool to evaluate land-use sys-
tems for land-use policy 
The conceptualization of landscapes along trajectories, and the incorporation of path de-
pendency that comes with it, offers the opportunity to identify multiple conservation op-
portunities. These can then be evaluated in terms of biodiversity, ecosystem functions, and 
agricultural productivity (Clough et al., 2016). Our approach may be particularly beneficial 
in diverse tropical mosaic landscapes where valuable habitat is lost to land-use change and 
intensification (Hendershot et al., 2020; Steffan-Dewenter et al., 2007). In such landscapes, 
forest loss and forest rehabilitation co-occur, enabling interventions on the conservation as 
well as the restoration side: for example, reforestation happened amidst ongoing deforesta-
tion at an agricultural frontier in Panama (Sloan, 2008). To first identify plausible conser-
vation opportunities before contrasting different land-use options further avoids the eval-
uation of theoretical contrasts between land-use options that do not exist anymore due to 
path-dependency, thereby avoiding inapplicable policy recommendations. 
Importantly, path-dependency also implies closing ‘windows of opportunity’ as conserva-
tion opportunities are lost due to prior decisions limiting the scope of interventions in the 
future. For example in north-eastern Madagascar, secondary forests are largely absent. This 
suggests that attempting to restore ecologically intact forests on land once used for shifting 
cultivation is extremely hard and unlikely to have a good cost-to-benefit ratio. Avoiding on-
going deforestation is thus even more important but the ‘window of opportunity’ is closing 
fast (Morelli et al., 2020). However, by simultaneously reducing further primary habitat loss 
and promoting habitat rehabilitation at key conservation opportunities, land-use policies 
informed by land-use trajectories can contribute to ‘bending the curve’ for terrestrial bio-
diversity (Leclère et al., 2020). 
8.5 Methods
8.5.1 Study region
We collected data in the central part of the SAVA region in north-eastern Madagascar (see 
Figure 12.12 in SI Chapter 8 for a map). The area is a global biodiversity hotspot (Myers et 
al., 2000) and even for Malagasy standards particularly biodiverse (Brown et al., 2016). The 
area has retained more forest than other parts of the eastern Madagascar rainforest biome 
but suffers ongoing forest loss (Vieilledent et al., 2018). Most of the forest loss in north-
eastern Madagascar can be attributed to shifting hill rice cultivation (Zaehringer et al.,
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2015) that is practised by smallholders. The SAVA region is also the historic (Correll, 1953) 
and current (Hänke et al., 2018) global centre of vanilla production, producing the majority 
of Madagascar's 40% share on the world market (FAO, 2020). A recent price boom for va-
nilla (Hänke et al., 2018) has led to the expansion of vanilla agroforestry (Llopis et al., 2019). 
Prices have, however, dropped considerably in 2020, potentially putting a halt to this ex-
pansion. 
8.5.2 Sampled land-use types biodiversity and ecosystem functions 
We sampled the seven predominant land-use types of north-eastern Madagascar. Large 
connecting old-growth forest, our historic baseline, once covered the study region but is now 
restricted to protected areas. Forest fragments result from fragmentation and degradation 
of old-growth forest and exist scattered throughout most of the region. Forest-derived va-
nilla agroforests are established inside forest fragments via thinning of understory shrubs 
and planting of vanilla (Martin et al., 2020c). However, forests in the region are also cut and 
burned, thereby entering the shifting hill rice cultivation cycle. The system, referred to as 
‘tavy’ in Malagasy, involves the use of fire directly before rice can be planted at the beginning 
of the rainy season and rice can be harvested at the end of the rainy season. When sampled 
for biodiversity and ecosystem functions 6-21 months after harvest, these hill rice fields had 
already turned into herbaceous follows (Malagasy: ‘Matrangy’) that are characterized by 
herbaceous plants. Thereafter, shrubs and small trees establish, resulting in woody fallow 
(Malagasy: ‘Savoka’). The sampled woody fallows had last burned 4-16 years prior to the 
onset of our data collection in September 2017. Lastly, we sampled irrigated rice paddies 
situated on riverbanks and plains. This land-use type is usually not directly converted from 
or converted to one of the other studied land-use types and thus stands outside the trajec-
tory. See Martin et al. (2020a) for more details on each land-use type and Figure 8.1 for 
example photos. 
8.5.3 Study design biodiversity and ecosystem functions
We selected 10 villages based on several criteria (Martin et al., 2020a) from a previous sam-
ple of 60 villages (Hänke et al., 2018). Additionally, we chose two old-growth forest sites 
within Marojejy National park. See Figure 12.12 in SI Chapter 8 for a map of the study re-
gion, the old-growth forest sites and the villages.
At each old-growth forest site, we chose 5 plots, leading to 10 replicates. At the village level, 
we chose plots in a semi-blocked design, meaning that we chose one plot each per land-use 
type (forest fragment, hill rice, woody fallow, rice paddy). It was, however, not possible to
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find suitable forest- and fallow-derived agroforests in each village - leading to one village 
without fallow-derived vanilla agroforest and three villages without forest-derived agrofor-
est (see SI Chapter 8 Figure 12.13 for a schematic overview that shows which land-use types 
were represented in which village). Furthermore, fallow-derived vanilla was replicated 20 
times, resulting in 80 plots (70 in villages and 10 old-growth forests) overall. These 80 plots 
form the sampling design for all (endemic) biodiversity, above-ground carbon, soil pH, soil 
organic carbon, and predation rate. Each plot was of circular shape with a 25 m radius 
(1963.5 m2). More information on the spatial arrangement of the land-use types is pub-
lished in Martin et al. (2020a).
8.5.4 Trees 
We sampled trees between September 2018 and January 2019 on all land-use types with 
tree presence (old-growth forest, forest fragment, forest- and fallow-derived vanilla agro-
forest, and woody fallow) and received access to 58 plots overall (all except two fallow-
derived vanilla agroforest). In each plot, we did a full inventory of all trees with free-stand-
ing stems with ≥ 8 cm of diameter at breast height, also including arborescent palms, herbs 
and tree ferns but excluding lianas. We identified all living tree individuals with the help of 
one local expert and one taxonomic expert from Missouri Botanical Garden in Antananarivo 
and derived information on origin and endemism for each species according to the Tropicos 
Madagascar Catalogue (Missouri Botanical Garden, 2019). We recorded a total of 5484 sin-
gle or multi-stemmed tree individuals, belonging to 455 (morpho-) species of which 279 
(61%) were endemic. Mean plot level species richness ranged from 10.2 species in woody 
fallows to 64.5 species in old-growth forest. For more details on habitat structure, tree di-
versity and community composition, see Osen et al. (in review). 
8.5.5 Herbaceous plants 
We sampled herbaceous plants within eight subplots of 4 m2 each (32 m2 overall). In each 
subplot, we assessed all vascular plant species that did not have apparent wood at maturity. 
For each assessed species we determined the species endemism using the Tropicos Mada-
gascar Catalogue (Missouri Botanical Garden, 2019). In total, we recorded 44 248 plants 
belonging to 355 (morpho-) species of which 60 were endemic. We detected the lowest plot-
level mean species richness in forest fragments (14.1 ±6.6) and the highest in rice paddies 
(49.4 ±7.6). For more details on sampling methods and herbaceous plants communities see 
Raveloaritiana et al. (in review). 
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8.5.6 Birds 
We sampled birds during two 40 min point counts per plot. We conducted one point count 
during the main breeding season in 2017 (September-December) and a second one between 
August and December 2018, resulting in an observation time of 80 min per plot. In the old-
growth forest plots, we conducted all point counts with the same method in 2018 but left at 
least 11 weeks between two point counts in the same plot (August 2018 and December 
2018). We excluded observations in flight and outside the plot. We defined bird endemism 
as species only occurring in the country of Madagascar according to BirdLife species fact 
sheets. Within the plots, we detected 2506 birds belonging to 57 species of which 31 were 
endemic. Mean plot-level species richness per land-use type ranged from 2.9 (±SE) species 
in rice paddy to 12.3 (±SE) species in old-growth forest. More details about sampling meth-
ods and bird communities in Martin et al. (2020a). 
8.5.7 Amphibians and reptiles 
We sampled amphibians and reptiles using repeated time-standardized search walks of 45 
min each by two observers in each plot during the driest (October - December 2017; August-
December 2018) and wettest period (January - April 2018 and February 2019). During the 
walk, we systematically searched the complete plot in zig-zag pattern. We visited each plot 
three times during the day and three times at night. The diurnal visits were between 08:00 
and 17:00; the nocturnal visits were between 18:30 and 23:00. We actively checked micro-
habitats (e.g rocks, leaf axils, tree barks, tree holes, leaf litter, or dead wood) to detect indi-
viduals hiding therein. Upon encountering an individual, we stopped the standardized 
search time and identified the individual to species level following Glaw & Vences (2007). 
For individuals where a morphological identification proved difficult, we took DNA samples 
that we used to determine the species. Overall, we detected 58 species of amphibians and 
61 species of reptiles. More information in Fulgence et al. (in prep.). 
8.5.8 Butterflies 
We sampled butterflies with fruit trapping and time-standardized netting between August 
and December 2018. We baited fruit traps (cylindrical nets) with fermented bananas and 
deployed them for 24 hours. Bananas were fermented for 48 hours prior to deployment in 
an air-tight container. On each plot, we installed eight fruit traps. We deployed four fruit 
traps 16.6 m from the center in the four cardinal directions from the plot center and an 
additional four fruit traps at 20 m from the center in the four intercardinal directions. Dur-
ing the time-standardized netting, we caught butterflies for 30 minutes while walking at 
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slow and steady speed in a zigzag line from plot edge to plot center to cover the plot area 
equally and interrupted the 30 minutes search-time when handling butterflies. We only per-
formed time-standardized netting in dry and non-windy conditions either in the morning 
(8 am-12 pm) or afternoon (1-5 pm). We caught butterflies only within an imaginary 2 m 
box on each side of the sweep-net. Irrespective of the sampling method, we collected all 
captured butterflies, dried them and took them to the lab for identification (moths ex-
cluded). We defined butterfly endemism as species/morphospecies only occurring in the 
country of Madagascar according to Lees et al. (2003), including manual updates by David 
Lees. We identified butterflies to species level in the laboratory. We defined endemic but-
terflies as butterfly species that are only present in the country of Madagascar. With both 
methods combined, we collected 2643 individual butterflies belonging to 88 (morpho-) spe-
cies of which 46 species were endemic. Mean plot-level species richness per land-use type 
ranged from 5.1 (in forest fragment) to 11.3 (in forest-derived vanilla) species. 
8.5.9 Ants 
We sampled ants on all plots except the old-growth forest plots between October and De-
cember 2017, and in the old-growth forest in August and December 2018. We sampled 
ground-foraging ants using bait and pitfall traps. In each plot, we established five sampling 
stations: one at the plot center, and four at 16 m away from the plot center in each cardinal 
direction. At each sampling station, we set bait and pitfall traps 10 m apart. For bait traps, 
we put sardine and sugar as bait on two different white flat plastic plates (diameter of 13 
cm) about 5 cm apart.  We set bait traps for 30 minutes and collected ants thereafter for 30 
seconds. For pitfall traps, we buried a plastic cup (9 cm top diameter, 11 cm deep, 6 cm 
bottom diameter), one-third filled with 70-%-alcohol and a few drops of soapy water in the 
soil. We set pitfall traps for 48 hours. We preserved ant specimens in a tube with 70-%-
alcohol. We identified ants to species/morphospecies level in the laboratory. We defined 
endemic ants as ant species that are only present in the country of Madagascar. With both 
methods combined, we collected 128 (morpho-)species of which 58 were endemic. Mean 
plot-level species richness per land-use type ranged from 0.3 to 9.6 species.  
8.5.10 Above-ground carbon 
We estimated aboveground carbon stocks (in MgC/ha) based on above ground biomass val-
ues derived from the tree inventory data (see tree section). To calculate these, we used the 
pantropical allometric model by Chave et al. (2014) with ‘diameter at breast height’ (DBH; 
at 1.3 m), tree height and wood density as input data. Therefore, we measured the DBH and 
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height for each tree individual, following a standardized protocol (Condit, 2008). Addition-
ally, we derived wood density data for all trees, using either a Pilodyn wood tester, or re-
trieved wood density values from the global wood density database (Chave et al., 2009). For 
palms, tree ferns, bananas (Musa sp.) and traveller palms (Ravenala madagascariensis) we 
used different allometric equations to estimate aboveground plant biomass, based on liter-
ature (for further details, see Soazafy & Osen et al in prep). We obtained aboveground car-
bon stocks by multiplying the estimated aboveground plant biomass by 0.5, based on the 
assumption that plant biomass is 50% carbon (Chave et al., 2005). Mean plot level above-
ground carbon stocks ranged from 5 Mg/ha in woody fallows to 178 Mg/ha in old-growth 
forest. For more details on sampling methods and aboveground carbon analysis, see Soazafy 
et al. (in prep.). 
8.5.11 Soil organic carbon 
We took soil samples with a MacFadyen soil corer (5 cm diameter, 0-15 cm depth, 295 ml 
volume) between October and December 2017 in 10 villages and between August and Sep-
tember 2018 in Marojejy National Park. We took two mixed samples on each plot. Each 
mixed sample stemmed from four soil cores from four locations; the first mixed sample from 
four locations at 16.6 m from the plot center in all four cardinal directions and the second 
mixed sample from four locations at 8.3 m from the plot center in all four intercardinal di-
rections. We stored each soil sample in a zip-lock bag until laboratory analysis.  
Given that an overall ‘simple’ soil indicator is often not very meaningful (Bünemann et al., 
2018), we decided to focus on soil organic carbon as a widely applied soil property (Büne-
mann et al., 2018) for comparison. Soil organic carbon is a proxy for soil matter turnover 
and soil physical properties (Bünemann et al., 2018). Here, we defined plots with a higher 
soil organic carbon content to provide higher ecosystem functions. 
We processed soil samples in the laboratory to acquire soil organic carbon values of all 160 
mixed samples. We dried the soil at 70 °C and grounded it. We assessed the total organic 
carbon (C) concentrations (mmol/gTB) using a C/N elemental analyser (Vario EL III, ele-
mentar, Hanau, Germany) and calculated the mean of the two mixed samples per plot. Lab 
methods followed Hertel (2011). 
8.5.12 Predation rate 
We assessed predation rates using artificial caterpillars made from plasticine. The stand-
ardised design of the caterpillars allows for the measurement and comparison of relative 
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predation rates across land-use types (Howe et al., 2009). In this experiment, we deployed 
the dummy caterpillars in the plots for 48 hours and calculated predation rates for each plot 
based on the ratio of dummies that were attacked by predators to the number of dummies 
that remained untouched. Mean predation rates ranged from 21.2% ± 6.0% (mean ± SE) in 
rice paddies to 47.6% ± 6.0% in forest fragments. Ants were main drivers of predation 
across land-use types with orthoptera contributing considerably to total predation in for-
ested land-use types. The contribution of Vertebrates like birds or rodents to the total pre-
dation remained low throughout this experiment. More details are published in Schwab et 
al. (2020). 
8.5.13 Ecosystem services: natural products and water regulation
We interviewed 322 households in 10 villages to quantify ecosystem services. We collected 
data in the same 10 villages where the plots were situated (SI Chapter 8, Figure 12.12) and 
interviewed mainly randomly-selected households that participated in our baseline study 
(233 of 322; Hänke et al., 2018). The remaining 89 households were not randomly selected 
and did not take part in the baseline study.
We first asked the head of each household if they had access to each land-use type (same 
land-use types as for plots, except for vanilla which we did not separate into fallow- and 
forest-derived for these interviews). For old-growth forest, forest fragment, and each land-
use type that the household had access, we asked the respondent to name all the benefits 
they get. From their responses, we defined natural products as the following responses: 
charcoal, firewood, plants for construction, weaving materials, lianas for string making, live-
stock fodder, wild food, honey, and medicinal plants. These responses constitute non-
farmed goods, thereby representing a provisioning ecosystem service. We also considered 
all responses related to water: water retention, water infiltration, and interception of pre-
cipitation (except provisioning of clean water).
We then derived a single measure for all-natural products and water-related responses be-
cause many of the products were only rarely cited. To do so, we summed up all products 
derived from each land-use type in each village and divided the figure with the number of 
households that had access to that land-use type. This resulted in one access-corrected 
value per land-use type per village. Similarly as for the natural products, we divided the 
number of people who cited they derived water regulation services from each land-use type 
by the number of households that had access to that land-use type in that village. Again, this
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resulted in one access-corrected value per land-use type per village. For data analysis, we 
treated the two ecosystem services as functions for simplicity. 
8.5.14 Agricultural productivity: profitability and yields 
We used data of 109 households dispersed in 10 villages, from a previous sample of 1,800 
households in 60 villages (Hänke et al., 2018). We collected data from three stages: i) base-
line survey in 2017 (Hänke et al., 2018); ii) longitudinal survey from October 2017 to Octo-
ber 2018; iii) field-plot measurements and recall survey between October 2018 and March 
2019. 
For the longitudinal survey, we transformed our questionnaires into pictograms that the 
household head filled in bi-weekly over one year. This provided information on total family 
labour, expenses and revenues of vanilla and rice farming, thus not covering profits gener-
ated from non-agricultural activities like forest use. 
As farmers tend to overestimate their land area (Hänke et al., 2018), we measured the actual 
size of each plot of vanilla, paddy rice and hill rice that the 109 households farm on in-situ, 
by using a GPS device. While walking around the perimeter of each plot with the field owner, 
we also asked questions about the plot’s history and agricultural production. Moreover, we 
conducted a cross-sectional survey to get information about farming inputs and outputs 
during last cultivation. 
We calculated three parameters of agricultural productivity: harvest per unit of area, net 
income per unit of area and net income per unit of labour. Net income is the difference be-
tween gross income and total costs. Gross income is the harvest multiplied by the median 
price surveyed (165,000 MGA kg-1 for green vanilla beans and 1,300 MGA kg-1 for brown 
rice). Costs include values of seeds, fertilizers and pesticides used, hired labour wages, in-
kind costs for labour, other cash costs directly related to production, and depreciation of 
materials. We didn’t value non-paid labour (family labour and exchange labour) as costs. 
However, we calculated net income per person-day by dividing net income to non-paid la-
bour. We further considered one person-day to be equivalent to eight working hours and 
converted working hours into adult male equivalents (McConnell et al., 1997). 
8.5.15 Calculation of multidiversity and multifunctionality 
We calculated multidiversity and multifunctionality to unify multiple indicators for biodi-
versity, endemic biodiversity, and ecosystem functions into a single value (Manning et al., 
2018). We computed multidiversity and endemic multidiversity for each land-use type 
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based on plot-level species richness data of seven taxonomic groups (trees, herbaceous 
plants, birds, amphibians, reptiles, butterflies, and ants) covering plants, vertebrates, and 
invertebrates. For all species groups, we defined ‘endemic’ as occurring in the country of 
Madagascar (more details on the definition and sources for the endemic-classification for 
each species group can be found in the respective sections). Analogously to multidiversity, 
we calculated multifunctionality for each land-use type from three ecosystem functions 
(above ground carbon, soil organic carbon, and predation rate) measured on the plot level 
and two ecosystem services (natural product provisioning and water regulation) assessed 
through interviews. Thereby we combined measures for ecosystem function multifunction-
ality and ecosystem service multifunctionality (sensu Manning et al., 2018)  into a single 
measure: multifunctionality. We opted for this approach because, firstly, we had limited 
data available for either ecosystem function multifunctionality or ecosystem service multi-
functionality alone, which would have led to potentially biased measures (Garland et al., 
2020). Secondly, we refrained from deriving to indicators from the same dataset (e.g. two 
soil variables) to keep indicators as independent as possible (Garland et al., 2020), except 
for natural product provisioning and water regulation which are derived from the same in-
terviews.
Multidiversity and multifunctionality is commonly calculated using a thresholding ap-
proach (Manning et al., 2018). The basic idea behind this approach is that to fulfil a function 
or service, a taxa or services needs to occur in a sufficient extent to provide that service. 
Multidiversity or multifunctionality is then expressed as the proportion of functions or tax-
onomic groups that exceed an a priori defined threshold, as compared with the maximum 
reached performance level (Manning et al., 2018). To circumvent the definition of an arbi-
trary threshold, researchers often use a multi-threshold approach, running the analysis for 
each threshold between 0-100% (Manning et al., 2018). Here we have computed multidi-
versity and multifunctionality with all thresholds but chose to display the 50% threshold 
result in the main text (Figure 8.3) while results for 20% and 80% thresholds are only dis-
played in the Supporting Information (SI Chapter 8, Figure 12.14). We chose to most prom-
inently display the 50% threshold as diversity effects on ecosystem functioning peak at the 
50% threshold (Lefcheck et al., 2015), but we display the results at a 20% and 80% thresh-
old in the Supporting Information (SI Chapter 8, Figure 12.14).
To operationalize this approach, we first calculated the maximum reached performance 
level as the average of the five highest recorded values across all 80 plots, allowing us to 
reduce the influence of potential outliers. Importantly, the five highest recorded values are
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not limited to a single land-use type, so the average of the five highest recorded values may 
stem from three old-growth forest plots and two forest fragment plots. We then calculated 
how many evaluated taxa / ecosystem functions reached the threshold on each plot, result-
ing in a single value per plot. For example, in a plot that reached a multidiversity value of 
0.75 at the 50% threshold, 75% of all evaluated taxa reached a minimum of 50% of species 
richness compared to the average of the 5 plots of any land-use type with most species of 
that taxa. This approach follows (Grass et al., 2020). 
To visualize multidiversity, endemic multidiversity, multifunctionality, and individual 
measures of agricultural productivity per land-use type, we standardized all variables to a 
common scale according to the following formula: STD = (X − Xmean)/(XSD). We then calculated 
the mean for each variable for each land-use type (Figure 8.2) to provide an overview across 
the seven land-use types. To visualize multidiversity, endemic multidiversity and multifunc-
tionality along the land-use trajectory (Figure 8.3), we calculated mean and standard error 
for each variable at each stage on the land-use trajectory. 
8.5.16 Assessment of conservation opportunities 
We defined conservation opportunities as distinct stages along a land-use trajectory where 
land-users face alternative land-use options with potentially contrary outcomes. Im-
portantly, different conservation opportunities exist at the same point in time due to vari-
ous current land-use types that are placed at different stages along the trajectory. In the 
case of north-eastern Madagascar, each conservation opportunity has three possible out-
comes: conservation of the present state and two contrasting land-use transformations. 
Therefore, each conservation opportunity has distinct trade-offs and opportunities, de-
pending on land-use decisions. The frequency at which each conservation opportunity oc-
curs may vary through time: as old-growth forest vanishes, conservation opportunity 1, 
where old-growth forest is at risk of being transformed, will become less common, signify-
ing a closing window of opportunity. 
We investigated multiple taxa, ecosystem functions and services, and agricultural produc-
tivity at each conservation opportunity to comprehensively assess trade-offs and win-wins 
between them (Figure 8.4). For each taxon, ecosystem service, and farming outcome (see 
above for study design and data collection), we considered the difference to the current 
land-use as the outcome of a decision. We visualized the standardized data by calculating 
the difference in the mean of each variable to the mean of that variable at the current stage 
in the land-use trajectory. Similarly, we calculated the error bars in Figure 8.4 as the square-
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root of the sum of the squared standard deviation of the variable under the current stage 
and the squared standard deviation of the variable under the alternative stage. 
We processed and visualized all data in R version 3.6.2 (R Core Team, 2019). 
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9  Abstracts of additional manuscripts 
During the course of my PhD, I contributed to seven further manuscripts led by colleagues 
within the Diversity Turn project. Some of these manuscripts have been published already, 
some are under revision, and others are still in the process of being compiled. I list all ab-
stracts of these manuscripts in this chapter as I also discuss findings from these manuscripts 
in the synthesis (Chapter 10). 
9.1 Land-use history determines habitat structure and tree diversity in 
tropical agroforestry 
Kristina Osen, Marie Rolande Soazafy, Dominic Andreas Martin, Annemarie Wurz, Adriane 
März, Hery Lisy Tiana Ranarijaona, Dirk Hölscher 
Contribution: Conceptualization, Validation, Writing – review & editing 
Status: Revised manuscript under review in Applied Vegetation Science. 
Abstract: 
Question: In human-modified tropical landscapes, agroforestry is considered a promising 
land use to reconcile biodiversity conservation with production goals. The role of agrofor-
ests in regard to conservation may strongly be influenced by land-use history, however few 
studies have explicitly investigated this. We thus tested the importance of land-use history 
for habitat structure and tree diversity in vanilla agroforests situated in a human-modified 
tropical landscape. 




Methods: We studied tree stand structure, diversity and composition in vanilla agroforests 
of contrasting land-use history, old-growth forests, forest fragments and woody fallows af-
ter slash-and-burn agriculture, which all contribute to the smallholder mosaic landscape of 
north-eastern Madagascar. The vanilla agroforests were either derived directly from forest 
or otherwise from woody fallows after slash-and-burn agriculture. 
Results: Land-use history strongly influenced tree species diversity and composition in va-
nilla agroforests and also affected stand structure. Forest-derived agroforests maintained 
high levels of tree species diversity and differed in community composition compared to 
fallow-derived agroforests, which sustained relatively low levels of tree diversity. Addition-
ally, forest-derived vanilla agroforests harboured a significantly higher percentage of en-
demic species than fallow-derived agroforests, and shared many species with old-growth 
forests and forest fragments. Fallow-derived vanilla agroforests harboured a lower percent-
age of endemic species than woody fallows.  
Conclusion: Considering the land-use history of agroforests is important to unfold their full 
potential as elements in a multifunctional human-modified landscape. Forest-derived agro-
forests are an alternative to forest conversion through slash-and-burn agriculture and have 
the potential to sustain high levels of species diversity and important habitat structures. In 
contrast, fallow-derived agroforests regain stand structure on degraded formerly forested 
land and thereby have the potential to increase canopy cover and connectivity at the land-
scape scale. 
Keywords: land-use history, conservation, old-growth forest, human-modified landscape, 
endemism, forest fragments, Madagascar, vanilla agroforestry, stand structure, tree diver-
sity 
 183 
9.2 Land-use intensification increases richness of native and exotic her-
baceous plants, but not endemics, in Malagasy vanilla landscapes 
Estelle Raveloaritiana, Annemarie Wurz, Ingo Grass, Kristina Osen, Marie Rolande Soazafy, 
Dominic Andreas Martin, Lucien Faliniaina, Nantenaina H. Rakotomalala, Maria S. Voron-
tsova, Teja Tscharntke, Bakolimalala Rakouth 
Contribution: Conceptualization, Funding acquisition, Project administration, Validation, 
Writing – review & editing 
Status: Under revision for Diversity and Distributions. 
Abstract: 
Aim: North-eastern Madagascar is a hotspot of plant diversity, where vanilla and rice farm-
ing are driving land-use change, the latter including slash-and-burn management. However, 
it remains unknown how land-use change and land-use history affect richness and compo-
sition of endemic, native and exotic herbaceous plant species. 
Location: North-eastern Madagascar 
Methods: We assessed herbaceous plants along a land-use intensification gradient ranging 
from unburned land-use types (i.e. old-growth forest, forest fragment and forest-derived 
vanilla agroforest) to burned land-use types (i.e. fallow-derived vanilla agroforest, woody 
fallow and herbaceous fallow) and rice paddy. We compared land-use types and analysed 
the effects of land-use history, canopy closure and landscape forest cover on species rich-
ness. Additionally, we analysed species compositional changes across land-use types. 
Results: Across 80 plots, we found 355 plant species (180 native non-endemics, 57 exotics, 
60 endemics and 58 species of unknown origin). Native and exotic species richness in-
creased with increasing land-use intensity, whereas endemics decreased. Unburned land-
use types had higher endemic species richness (4.28 ±0.37 [mean ± SE]) than burned ones 
(2.4±0.21). Exotic and native species richness, but not endemics, decreased with increasing 
canopy closure. Landscape forest cover reduced exotic, but not native or endemic richness. 
Species composition of old-growth forests was unique compared to all other land-uses and 
only forest-derived, not fallow-derived vanilla agroforests, had a similar endemic species 
composition to forest fragments. 
Main conclusions: Our results indicate that old-growth forests and forest fragments are in-
dispensable for maintaining endemic herbaceous plants. We further show that the land-use 
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history of agroforests should be considered in conservation policy. In forest-derived vanilla 
agroforests, management incentives are needed to halt loss of canopy closure. In conclusion, 
considering species origin (endemic, native and exotic) and composition is essential for the 
identification of suitable management practices to avoid irreversible species loss. 
Keywords: Herbaceous plants, land-use history, Madagascar, slash-and-burn, species 
origin, vanilla agroforest 
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9.3 Spider traps amphibian in north-eastern Madagascar 
Thio Rosin Fulgence, Dominic Andreas Martin, Holger Kreft, Fanomezana M. Ratsoavina, 
Aristide Andrianarimisa 
Contribution: Conceptualization, Funding acquisition, Project administration, Investiga-
tion, Validation, Writing – review & editing 
Status: Published in Ecology and Evolution; https://doi.org/10.1002/ece3.7102 
Abstract:  
Predation can take unexpected turns. For instance, various invertebrate species - most com-
monly spiders - may prey on vertebrates. Here, we report one observation of a spider (Spar-
assidae, Damastes sp.) feeding on an amphibian (Hyperoliidae, Heterixalus andrakata) in-
side a retreat in north-eastern Madagascar. To our knowledge, this is the second report of 
vertebrate predation by spiders in Madagascar. Three additional observations of retreats 
built by the same spider species show that the spiders built similar retreats and were hiding 
at the rear end of the retreat. The retreats were built by weaving two green leaves together 
which were still attached to the tree. We speculate from the observations that the retreat 
serves as a targeted trap that deceives frogs seeking shelter during daytime.  





9.4 Decreasing predation rates and shifting predator compositions 
along a land-use gradient in Madagascar’s vanilla landscapes 
Dominik Schwab, Annemarie Wurz, Ingo Grass, Anjaharinony A. N. A. Rakotomalala, Kristina 
Osen, Marie Rolande Soazafy, Dominic Andreas Martin, & Teja Tscharntke 
Contribution: Conceptualization, Project administration, Validation, Writing – review & ed-
iting 
Status: Published in Journal of Applied Ecology; https://10.1111/1365-2664.13766.  
Abstract: 
1. Land-use change is the main driver of deforestation and land degradation resulting in 
the loss of biodiversity and ecosystem functioning in north-eastern Madagascar. Vanilla, 
the region’s main cash crop, is grown in agroforestry systems and may provide an op-
portunity for the conservation of biodiversity and ecosystem functioning. 
2. We used dummy caterpillars to assess predation rates and predator communities along 
a land-use gradient including unburned old-growth and forest fragments, herbaceous 
and woody fallows after shifting cultivation with fire usage, as well as rice paddies. The 
studied vanilla agroforests were either forest-derived or fallow-derived. Besides land-
use type, we considered the effects of land-use history (unburned/burned), plot-level 
parameters and the landscape composition to conclude on management recommenda-
tions. 
3. Old-growth forest and forest fragments exhibited highest predation rates, which de-
creased with land-use intensity. Overall, predation was higher in unburned land-use 
types than in more open, previously burned habitats, and rice paddies. High stem and 
vegetation densities were positively related to predation rates, but decreased with land-
use intensity. High forest cover in the surrounding landscape led to higher predation 
rates, while local structural parameters remained more important. 
4. The predator community was arthropod-dominated across all land-use types with ants 
responsible for between 33 % and 69 % of all predation events. Overall predator com-
position in old-growth and forest fragments differed from all other land-use types. Pre-
dation by Gryllacrididae (Orthoptera) was lower in all land-use types, including forest-
derived vanilla, than in old-growth forest and forest fragments, where they were im-
portant contributors to total predation. Vertebrate predation was low throughout. 
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5. Synthesis and applications. Forested habitats feature higher predation rates and differ-
ent predator compositions than other land-use systems. Maintaining or restoring tree- 
and understory-rich vanilla agroforestry represents a viable tool in landscape conser-
vation programmes as it has the potential to contribute to the conservation of predation 
as an important ecosystem function in both forest- and fallow-derived agroforests. 
However, vanilla agroforestry has limited value in conserving forest-specialised preda-
tor communities. While the establishment of tree-rich agroforests on former fallow land 
is favourable for conservation ecosystem functioning, further forest transformation 
should be avoided. 
Keywords: conservation, ecosystem functioning, dummy caterpillars, land-use history, 
Madagascar, predation, shifting cultivation, vanilla agroforestry 
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9.5 Aboveground biomass carbon in Madagascar’s vanilla production 
landscape – exploring rehabilitation by agroforestry in the light of 
land-use history 
Marie Rolande Soazafy*, Kristina Osen*, Dominic Andreas Martin, Annemarie Wurz, Hery 
Lisy Tiana Ranarijaona & Dirk Hölscher 
* These authors contributed equally to this work. 
Contribution: Conceptualization, Project administration, Validation 
Status: In preparation. 
Abstract:  
Forests and tree-dominated land uses produce large quantities of aboveground plant bio-
mass and therefore play an important role in the global carbon cycle. Especially in tropical 
landscapes, aboveground biomass carbon stocks are strongly influenced by land cover and 
land-use changes. Agroforestry has the potential to maintain or restore carbon in plant bi-
omass but the amount will be influenced by various factors that may include land-use his-
tory, biodiversity and canopy cover. However, few studies explicitly address these factors 
and their role in the carbon context. With our study we aim (a) to assess aboveground bio-
mass carbon stocks and its components across different tropical land-use types, and (b) to 
disentangle direct and indirect influences of land-use history, stand structure and tree di-
versity on aboveground carbon stocks in agroforestry systems. The study was implemented 
in the mosaic landscape of north-eastern Madagascar in old-growth forest, forest fragments, 
woody fallows and vanilla agroforests. The agroforests differed in land-use history and 
were either derived directly from forest or derived from woody fallows after slash-and-
burn agriculture. Aboveground carbon stocks were highest in old-growth forest and lowest 
in woody fallows. Aboveground carbon stocks in vanilla agroforests were highly variable 
whereas fallow-derived agroforests stored significantly less carbon than forest-derived ag-
roforests. Within the agroforests, the effect of land-use history on aboveground carbon was 
mainly mediated by tree basal area, which was also the main direct factor to control above-
ground carbon, whereas tree diversity and canopy closure played a minor role. However, 
the local and biological importance of taxonomic and functional tree diversity calls for strat-
egies that safeguard habitat, biodiversity and ecosystem services. In conclusion, forest-de-
rived agroforests support higher carbon stocks than fallow-derived agroforests and have 
the potential to maintain a relatively high carbon stocks in the landscape, whereas fallow-
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derived agroforests contribute to take degraded land out of the slash-and burn cycle and 
restore carbon stocks. 
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9.6 Fallow lands and forest fragments are essential for plant use and 
ecosystem service provisioning in a tropical agricultural land-
scape 
Estelle Raveloaritiana, Annemarie Wurz, Ingo Grass, Kristina Osen, Dominic Andreas Mar-
tin, Marie Rolande Soazafy, Claudine Bemamy, Hery Lisy Tiana Ranarijaona, Holger Kreft, 
Dirk Hölscher, Bakolimalala Rakouth, Teja Tscharntke 
Contribution: Conceptualization, Project administration, Validation, Writing – review & ed-
iting 
Status: In preparation. 
Abstract: 
Tropical forests have been modified into agricultural land in many countries through sifting 
cultivation and this threaten both biodiversity and ecosystem services. Shifting cultivation 
often results in fallow lands which are usually considered as wasteland or useless. Here we 
investigate the ecosystems services provided by shifting cultivations lands incorporated 
into other prevalent land-use types which are old-growth forest, forest fragment, vanilla 
agroforest, woody fallow, herbaceous fallow and rice paddy within the vanilla production 
landscapes of north-eastern Madagascar. We interviewed 322 households across 10 villages 
in north-eastern Madagascar and we asked the ecosystem services (benefits) provided by 
land-use types to each household (excluding the main crop yield). We also asked names of 
plant species used and harvest location for seven use categories: medicine, food, construc-
tion, firewood, charcoal, forage and weaving. We analysed the importance of land-use types 
in terms of ecosystem service based on the benefits mentioned, the harvest location of plant 
used for all categories and the diversity of species harvested. We found that old-growth for-
est and forest fragment were important for regulating while all other land-use types were 
mainly important for provisioning services. Woody fallow was named most for the collec-
tion of plants and also showed the highest multi-use since it provided plants for all catego-
ries. In terms of species used, woody fallows and forest fragments had the highest number 
of species used per village. We also found that the proportion of endemic species harvested 
from forest fragment was the higher than in all other land-use types. Rice paddy and herba-
ceous fallow were used to collect most cited herbs species, forest for most cited woody 
plants and woody fallow for both herbs and woody plants. Based on these results, woody 
fallows with forest fragments are essential for households on providing plants for multiple 
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uses and ecosystem services despite its little value for crop production. Thus, most products 
are derived from the agricultural landscapes’ matrices while old-growth forests are only 
valuable for non-material services as it is illegal to collect plant products from protected 
areas. This highlights that woody fallows need to be included in ecosystem service and land 
management schemes since local people continue to depend on an extensive and diverse 
set of plant species for living. 
Key words: human-modified landscape, woody fallow, ecosystem services, plant uses, plant 
diversity 
 193 
9.7 Socio-economic, land use and value chain perspectives on vanilla 
farming in the SAVA region (north-eastern Madagascar): the Diver-
sity Turn Baseline Study (DTBS) 
Hendrik Hänke, Jan Barkmann, Lloyd Blum, Yvonne Franke, Dominic Andreas Martin, 
Janna Niens, Kristina Osen, Viviana Uruena, S. Annette Witherspoon, & Annemarie Wurz 
Contribution: Conceptualization, Validation, Writing – review & editing 
Status: Published in DARE Diskussionsbeiträge, http://hdl.handle.net/10419/183584.  
Abstract: 
The SAVA region in north-eastern Madagascar is the global centre of vanilla production. 
Here, around 70,000 farmers are estimated to produce 70-80% of all global bourbon vanilla. 
Yet, little is known about the farming population, their livelihoods, and the impact of vanilla 
cultivation on biodiversity. 
This publication presents the results of the Diversity Turn Baseline Survey (DTBS) that was 
conducted in 2017. The survey provides baseline data on the socio-economic characteristics 
and living conditions of the local population, and farming of vanilla as well as the most im-
portant other crops (N = 1,800 households). As international demand for natural vanilla has 
increased considerably, special emphasis is placed on the vertical integration of vanilla 
farmers into the global vanilla value chain. This integration is increasingly accomplished 
through contract farming arrangements between vanilla farmers, collectors and exporters. 
After a first rise in vanilla prices in 2015, the current vanilla boom took off in 2016 and was 
still in full swing in 2017. Consequently, the start of the price boom coincides with this sur-
vey and its retrospective questions often address the situation in 2016. The large majority 
of the surveyed households (HHs) in the study region practice vanilla farming (83%). Of 
these, only 15% conclude formal contracts while the majority of farmers (63%) sell their 
vanilla in informal spot markets often depending on several middlemen. Our data show that 
the socio-economic situation of smallholder vanilla farmers has recently improved when 
considering vanilla prices received, education, access to electricity and ownership of assets. 
However, under the high vanilla prices, theft and crime are now key constraints for vanilla 
farmers. 
In addition to descriptive statistics, this publication compares selected data between male- 
and female-headed HHs, poor and non-poor HHs, and HHs with- and without contracts. 
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Members of female-headed HHs have significantly lower education, lower labour availabil-
ity, smaller fields and lower vanilla harvests than male-headed HHs. HHs with contracts 
possess more assets, are better educated, have higher labour availability, larger vanilla 
plots, and larger vanilla harvests than HHs without contracts. 
The DTBS confirms a number of benefits for smallholders who conclude contracts with va-
nilla exporters or collectors. Among these benefits are the significantly higher vanilla prices 
even during market peaks. However, the distribution of HHs with or without contracts is 
skewed indicating entry barriers for certain groups of smallholders. For example, female-
headed HHs were significantly less likely to have a contract than male-headed HHs, and it 
appears that HHs with a contract had already been less poor than HHs without a contract 
prior to entering contract arrangements. 
 
 195 
10  Synthesis 
Considerable efforts have been undertaken to study biodiversity, ecosystem services, and 
yields in tropical agroforestry systems, particularly so in coffee and cacao (reviewed in: De 
Beenhouwer et al., 2013; Miller et al., 2020; Niether et al., 2020; Tscharntke et al., 2011). 
For vanilla, however, next to nothing has been published to date. For instance, a search on 
Google Scholar for the term ‘vanilla agroforest OR vanilla agroforestry’ yielded only 15 re-
sults (Including six results that form part of this thesis; search on 25th of November 2020), 
while the same search with ‘coffee’ and ‘cocoa’ had 3720 and 1890 results, respectively. This 
is despite the importance of vanilla agroforestry as a land use and as an income source in 
the biodiversity hotspots of north-eastern Madagascar (FAO, 2020; Hänke et al., 2018; SVI, 
2020) and in other tropical biodiversity hotspots, such as Mexico (Borbolla-Pérez et al., 
2017). With this thesis, I shed first light on this topic, but many open questions remain. 
Additionally, I compare vanilla agroforestry to five other land-use types, namely old-growth 
forest, forest fragment, herbaceous fallow, woody fallow, and rice paddy. By doing so, I high-
light the relative value of vanilla agroforestry compared to other prevalent land uses, which 
is key to determine their conservation value. Importantly, these land-uses are best under-
stood along a land-use trajectory, with strong path-dependency (Chapter 8). This has im-
portant implications for conservation policy in the biodiversity hotspot of north-eastern 
Madagascar. However, the here-demonstrated trajectory approach is also applicable to on-
going land-use change elsewhere, thereby providing a conceptual advancement in the field. 
In this synthesis chapter, I firstly bring together the findings on biodiversity, ecosystem ser-
vices, and yields in vanilla agroforests and give recommendations on how to farm vanilla in 




and collate ideas on how to design policies that enable a sustainable land-use transfor-
mation in north-eastern Madagascar; a section ending with my personal vision for a sus-
tainable future of the region. I then finish this synthesis chapter with a section on future 
research directions, before concluding on more than four years of research that has culmi-
nated in this thesis. 
10.1 How to farm vanilla in ways that benefits nature and people alike? 
Here, I firstly summarise findings of chapter 2, 6, and 7, showing how vanilla yields can be 
optimized without negative impacts for trees, which have been widely recognised to pro-
vide key ecosystem functions in agroforestry systems (Tscharntke et al., 2011). I then sum-
marise our findings on the conservation value of vanilla agroforests, drawing on all chapters 
of this thesis. Taking those two sections together, I describe management and policy recom-
mendation for vanilla agroforestry systems. Lastly, I outline how various policies could 
make the vanilla trade more equitable, which could itself contribute to more sustainable 
land-use in north-eastern Madagascar. 
10.1.1 Optimizing vanilla yields without impairing trees 
Across various agroforestry crops, research has commonly shown trade-offs between yields 
and canopy cover (Beer et al., 1998; Blaser et al., 2018), driving shade tree loss in agrofor-
ests across the tropics (Jha et al., 2014). Whether this is also the case for vanilla was so far 
unclear. Here we show that there are no trade-offs between shade-trees and yields in vanilla 
agroforests. We show this using a well replicated, but rather undetailed dataset from 209 
vanilla agroforests (Chapter 6), as well as a detailed, but less replicated dataset from 30 
vanilla agroforests (Chapter 7).  
Why may this be so? Firstly, plant physiological experiments have shown that vanilla re-
sponds weakly to light (Díez et al., 2017), as may be expected for an orchid growing natu-
rally in humid forests of Central America (Correll, 1953). Secondly, yield responses to shade 
are not universal in other agroforestry crops either, as yields are not only dependent on 
light availability but are also influenced by factors that may profit from shade trees, such as 
pest control (Asare et al., 2019; Escobar-Ramírez et al., 2019) or soil fertility (Sauvadet et 
al., 2020; Tscharntke et al., 2011). This suggest a complex interplay of shade trees, light 
availability, pest control, soil fertility, and other factors in determining yields in agrofor-
estry systems (Niether et al., 2020; Perfecto et al., 2014; Tscharntke et al., 2011). Depending 
on the circumstances, the response of yields to shade (i.e. canopy cover) may thus go either 
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way, highlighting the importance of local context in assessing the potential of various farm-
ing practices. Thirdly, our results only describe yield responses to shade under the current 
range of growing regimes and may not be suitable to conclude on effects in more intensified 
systems, such as shade houses (Havkin-Frenkel & Belanger, 2018), or in vanilla agroforests 
relying on inputs, such as fertilisers or pesticides. 
Yields could, however, be optimized by planting vanilla pieds, the unit of support tree and 
vanilla vine, more densely (Chapter 6 and 7). Additionally, managing vanilla agroforests 
continuously, irrespective of price fluctuations, would be beneficial, as old (Chapter 6) and 
long (Chapter 7) vanilla vines yield well. Importantly, there is also no correlation between 
vanilla planting density and canopy cover (Chapter 6), and across taxa, only tree diversity 
is negatively associated with planting density in vanilla agroforests (Chapter 7). As a result, 
multidiversity of seven taxa is not negatively associated with yields (Chapter 7). It is thus 
possible to optimise yields in vanilla agroforests without impairing biodiversity, suggesting 
that commonly encountered trade-offs between biodiversity and yields (Phalan et al., 2014) 
or between biodiversity and profit (Grass et al., 2020) do not exist (more on biodiversity in 
10.2). 
Importantly, we also find that vanilla yields are independent of land-use history (Chapter 6 
& 7), in line with published results from cocoa agroforests in Cameroon (Nijmeijer et al., 
2019). However, to what degree those results from Cameroon hold in other regions remains 
unknown, and no data is available for other agroforestry crops, such as coffee (Chapter 2). 
Taken together, these early results demonstrate that there is no inherent incentive to grow 
agroforestry crops like cocoa or vanilla in either forest- or open-land-derived agroforests. 
This is positive from a conservationist’s perspective, as farmers who have both open-land 
and forest available for cultivation, are not incentivised to establish forest-derived agrofor-
ests, which degrade forests (Chapter 2), instead of open-land-derived agroforests. On the 
other hand, the finding that land-use history does not influence yields also does not drive 
farmers away from forest-derived agroforestry. Incentives may hence still be necessary to 
promote open-land-derived agroforests and to discourage the establishment of new forest-
derived agroforests to the benefit of biodiversity and ecosystem services (Chapter 2). In-
deed, these incentives may be needed as establishing open-land-derived agroforests may 
be more expensive than establishing open-land-derived agroforests, at least for cocoa, 
where establishment costs were twice as high in open-land derived agroforests (Ruf, 2001). 
This questions whether agroforests may go from a deforestation agent in the 20th century 
to a reforestation agent in the 21st century, as hypothesized by the same author (Ruf, 2001). 
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Importantly, our research on vanilla yields also has caveats.  For instance, it is primarily 
applicable to the current range of management practices (rather extensive agroforests; no 
pesticide or fertilizers applied) and is thus not suited to derive management advice for 
highly intensified vanilla cultivation, such as shade houses (Havkin-Frenkel & Belanger, 
2018). Given the short-term nature of our data (two harvests in Chapter 6; one harvest in 
Chapter 7), we were not able to study the effects of precipitation and temperature on vanilla 
yields, and we could therefore not assess how yields in agroforests may respond to a chang-
ing climate. Indeed, climate smart agroforestry may provide a promising option for small-
holder farmers to adapt to the impacts of climate change (Blaser et al., 2018; Vaast et al., 
2016). In this context, I also hypothesize that water competition between shade-trees and 
crop trees in coffee and cocoa (Abdulai et al., 2018; Blaser et al., 2018), which may be am-
plified by climate change (Schroth et al., 2016), should be less of an issue for vanilla, as the 
orchid roots shallowly (Havkin-Frenkel & Belanger, 2018). Given these limitations, more 
research is needed to elucidate the interplay between shade trees, management, climate 
change, and land-use history in driving vanilla yields in agroforestry systems and in more 
intensive plantations (see section 10.3 on ideas for future research).  
In sum, our finding of the independence of yield and canopy cover is encouraging, as it sug-
gests that there are no inherent trade-offs between yields, which are important for farmers, 
and trees, which are important for biodiversity and key ecosystem services. 
10.1.2 Conservation value of vanilla agroforestry 
The work in my PhD is some of the first shedding light on the conservation value of vanilla 
agroforests, thereby testing whether promised conservation benefits of agroforestry sys-
tems materialise (Bhagwat et al., 2008). Indeed, I am only aware of two other studies on the 
topic, both published recently (Hending et al., 2018, 2019). Firstly, the team around 
Hending showed that vanilla agroforests in the northern part of the SAVA region, in north-
eastern Madagascar, can be home to various lemur species, especially so if agroforests are 
close to natural forest (Hending et al., 2018). Secondly, the team showed, that traditionally 
managed vanilla agroforests retain some of the plant species richness found in adjacent for-
ests (Hending et al., 2019). However, it remains unclear, whether the studied agroforests 
were forest- or fallow-derived (i.e. open-land-derived; Chapter 2), which represents an im-
portant distinction in Malagasy vanilla agroforestry in terms of conservation value (Chap-
ters 2 - 5, & 7-8). Hending et al. are not the only ones missing this important distinction: 
indeed only 43% of studies on tropical agroforestry systems described the land-use history 
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of focal agroforests, and only 5% of assessed studies directly compared agroforests of con-
trasting land-use history (Chapter 2). 
Through this thesis, I show that any policies aiming at making vanilla agroforestry in Mad-
agascar more biodiversity-friendly should be sensitive to land-use history, to avoid adverse 
outcomes. This is because forest-derived agroforests typically represent a degradation of 
forest, whereas fallow-derived agroforests represent a rehabilitation opportunity (Chapter 
2). The importance of land-use history is also reflected in data on various taxa (Trees, Ab-
stract 9.1; herbaceous plants, Abstract 9.2; birds, Chapter 3; amphibians, Chapter 5; reptiles, 
Chapter 5; & butterflies, Chapter 7) that me and my colleagues collected across 30 forest- 
and fallow-derived agroforests. Across taxa, forest-derived vanilla agroforests are in aver-
age more species rich than fallow-derived agroforests (all above-mentioned taxa, except 
herbaceous plants and butterflies), but differences are not significant, except for trees and 
reptiles. In contrast, endemic species richness is significantly higher in forest-derived agro-
forests for four out of seven taxa, including endemic multidiversity. Amphibians, reptiles, 
and butterflies are the exceptions (Chapter 7). The difference between forest- and fallow-
derived agroforests also becomes apparent when assessing species composition: forest-de-
rived agroforests did, for instance host a bird community most similar to forest fragments 
(Chapter 3). Similarly, amphibian and reptile communities in forest-derived vanilla agro-
forests are placed between forest fragments and fallow-derived agroforests on a NMDS-Plot 
(Chapter 5), underlining the important role of these agroforests in maintaining biodiversity 
in the agricultural mosaic landscape. These results are in line with one of the few other stud-
ies that collected biodiversity data in agroforests of contrasting land-use history: Nijmeijer 
et al. (2019) found species composition of perennial plant species to resemble the previous 
land-use of cocoa agroforests in Cameroon, either savanna or forest. 
In a second step, we also analysed how plot-level species richness was correlated to various 
variable across agroforests, including yields. We found no correlation between vanilla 
yields and species richness across taxa, including multidiversity (except amphibians which 
exhibited a positive relationship, and butterflies, which exhibited a negative one; Chapter 
7). Interestingly, the independence of yields and species richness also holds for endemic 
species and endemic multidiversity (except for reptiles; Chapter 7). These finding are in line 
with cocoa agroforests in Sulawesi, Indonesia, where species richness was also largely in-
dependent of yields (Clough et al., 2011), but in contrast to most other cases, where an in-
crease in yields (Phalan et al., 2014) or profit (Grass et al., 2020) is associated with a de-
crease in biodiversity.  
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In sum, the results presented in this thesis suggest that vanilla agroforest represent a prime 
opportunity for land sharing (Phalan et al., 2011) in north-eastern Madagascar: they are 
currently the most profitable land-use option in the region, both per unit labour and per 
unit area (Andrianisaina et al., in prep. & Chapter 7), yet perform also well in terms of bio-
diversity and non-yield ecosystem services compared to other agricultural land-uses (more 
on this in 10.2.1). Additionally, the absence of a negative correlation between yields and 
biodiversity suggests that trade-offs are also limited within vanilla agroforestry, underlin-
ing the conservation opportunities offered by such smallholder agroforests.  
10.1.3 Management and policy recommendations for vanilla agroforestry systems 
From the findings in this thesis, I can derive four principal management recommendations 
for vanilla agroforests: firstly, the establishment of new forest-derived vanilla agroforests 
should be avoided. Especially if established inside old-growth forest, a strong loss of (en-
demic) biodiversity would result (e.g. Chapters 3 & 5). Losses of endemic biodiversity and 
ecosystem services also occur if vanilla agroforests established inside forest fragments 
(Chapters 3, Abstracts 9.1-9.4). Nonetheless, there might be cases where landowners face 
the choice between converting a forest fragment to a forest-derived vanilla agroforest and 
using the forest for shifting hill rice cultivation. In this case, the forest-derived vanilla agro-
forest would be the better choice in terms of ecosystem services (Abstracts 9.4 - 9.6) and 
biodiversity (Chapters 2 - 5, & 7-8).  
Secondly, in those forest-derived vanilla agroforests that are already established, maintain-
ing shade trees would be a sensible option. This would benefit endemic birds (Chapter 3) 
and endemic plants (Abstract 9.2) without impairing yields (Chapter 6 and 7). However, 
despite no direct yield costs, farmers may wish to remove trees for timber or other uses. 
Encouraging tree maintenance could thus be achieved through sustainability certification 
schemes requiring a minimum amount of shade trees (Tscharntke et al., 2014). 
Thirdly, the establishment of new fallow-derived vanilla agroforestry should be promoted 
(Chapter 2). One key argument for fallow-derived vanilla agroforestry is the cessation of 
fire that comes with the establishment of a permanent vanilla agroforest (Chapter 3) on 
land under shifting cultivation (Styger et al., 2007). The stop of regular burning enables tree 
rehabilitation (Chapter 6). In the long run, fallow-derived vanilla agroforests may also be 
able to halt land degradation, if the fallow land would have entered a cycle of falling soil 
fertility, increased weed pressure, and falling yields (Styger et al., 2007) that may have ulti-
mately lead to land abandonment. Land degradation could, in turn, motivate farmers to 
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convert additional forest to shifting cultivation, so avoiding this trajectory, through the es-
tablishment of fallow-derived vanilla agroforests may be beneficial. It is, however, also im-
portant to recognise the importance of fallow land for food security and provisioning eco-
system services (Abstract 9.6). A complete halt of ongoing shifting cultivation on already 
burned land or a complete conversion of the land to fallow-derived vanilla agroforestry 
would thus not be recommendable. This is also an unlikely scenario, given that current av-
erage fallow land assets per household (Andrianisaina et al., in prep.) exceed the amount of 
land that a single household can realistically farm as a vanilla agroforest (usually <1 ha, 
more usually only if vanilla is planted at low density or with paid labour), given labour con-
straints (Andrianisaina et al., in prep.; Laney & Turner, 2015). 
Fourthly, promoting tree rehabilitation in existing fallow-derived vanilla agroforests can 
further contribute to ecosystem service provisioning (e.g. above ground carbon storage, Ab-
stract 9.5) and biodiversity conservation without impairing yields (Chapter 6 & 7). Thereby, 
vanilla agroforests may contribute to the global tree planting potential (Bastin et al., 2019), 
without competing for land with agriculture (Meyfroidt et al., 2014). Depending on the 
choice of tree species, farmers may also generate additional income from shade trees 
through the sale of fruits or the harvesting of timber (Abstract 9.6). Furthermore, carbon 
credits could compensate farmers for the carbon dioxide sequestration the trees provide 
(Nair et al., 2009). 
To implement these recommendations, I see four ways forward: firstly, there is a need for 
better governance of protected areas to stop the establishment of new forest-derived vanilla 
agroforests in old-growth forests. Secondly, it is important to raise awareness on differ-
ences between forest- and fallow-derived agroforests in the vanilla industry, in sustainabil-
ity certification, NGOs, and farmer groups. This should include the finding that forest- and 
fallow-derived agroforests do not systematically differ in yields (Chapter 6 & 7). Thirdly, 
and in concert with the previous point, it would be important to increase knowledge ex-
change between farmers, NGOs and researchers about possibilities to increase vanilla yields 
without impairing shade trees; for example, through the roundtable on nature conservation 
established under the umbrella of our DAAD project ‘Transnational Partnership for Biodi-
versity’ (see Box 6). Fourthly, sustainability certification should specify rules to forest- and 
fallow-derived agroforests, as current rules, for example for the Rainforest Alliance seal 
(International Trade Centre, 2019), are easier to meet in forest-derived agroforests (see 
Chapter 2 for more). Certification of newly forest-derived vanilla agroforests should be 
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avoided, which could be achieved through a cut-off date before which the agroforests must 
have been established. 
10.1.4 Policies to make the vanilla trade more equitable  
A major problem of the recent vanilla boom in north-eastern Madagascar is the inequality 
it procreates (Neimark et al., 2019). Despite north-eastern Madagascar being the centre of 
global vanilla production (FAO, 2020; Hänke et al., 2018), not everyone is involved in vanilla 
farming, processing, or trade (Hänke et al., 2018). Nonetheless, costs of living are raising 
(Hänke & Fairtrade International, 2019), making life more difficult for those who cannot 
profit from the vanilla boom. In the countryside, these are mainly farming families who have 
little or poor land: because of a lack of paddy rice available to them, they are forced to farm 
hill rice on their own or on rented land in order to produce enough rice (Laney & Turner, 
2015). Given that hill rice production is more labour intensive than paddy rice production, 
time to invest into vanilla cash-cropping may be lacking, even when suitable land for a small 
vanilla agroforest is available (Andrianisaina et al., in prep.; Laney & Turner, 2015). 
Furthermore, getting additional benefits through sustainability certification may be partic-
ularly difficult for the smallest producers. This is because larger vanilla farmers are more 
likely to receive certification, demonstrating a selection bias on the side of the vanilla ex-
porters (Blum et al., in prep.; Hänke et al., 2018), a problem also common in sustainability 
certification of other commodities (Blackman & Rivera, 2011; DeFries et al., 2017). So in-
stead of making rural communities more equal, sustainability certification may actually 
propagate inequality by supporting people that are already better off.  
Policies aiming at an inclusion of more people into the vanilla value chain should thus be a 
priority. This could be done via programs that support farmers during the first three years 
of vanilla cultivation with no yield, thereby bridging the ‘profit gap’ between subsistence-
focused farming and mixed subsistence-cash-crop farming. Additionally, vanilla exporters 
that aim for sustainability certification should be forced to certify a certain percentage of 
‘small smallholders’ to include the more vulnerable people into their schemes.  
To increase the negotiating power of farmers, self-organised farmers’ groups or coopera-
tives may be a way forward. As of today, many of the existing farmers’ groups in the region 
are organised in a ‘top-down-way’ by vanilla exporters (Blum et al., in prep.), fulfilling re-
quirements of sustainability certification schemes (International Trade Centre, 2019). If, in-
stead, such groups would be self-supporting, they could enable exchange of farming 
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knowledge between farmers and could enable a higher share of the added value to stay with 
smallholders (Grashuis & Su, 2019) rather than vanilla traders or exporters. 
A further looming risk for every vanilla farmer is a crash in vanilla prices. Indeed, vanilla 
prices fluctuate stronger than prices of other agricultural commodities (De Melo et al., 
2000). Just this year (2020), vanilla prices have fallen roughly 50% (Aust & Hachmann 
(Canada) Ltd, 2020) but a total crash, as feared by many farmers, did not materialize. Here, 
having an international minimum price for vanilla might be a way forward, but its imple-
mentation seems challenging. A national minimum export price, as imposed by the govern-
ment of Madagascar (Cadot et al., 2009), does not benefit farmers (De Melo et al., 2000) and 
is making Malagasy vanilla unattractive on the world market (Aust & Hachmann (Canada) 
Ltd, 2020). 
 Box 4: My PhD journey – Sound recordings 
In January 2017, we discussed among the Diversity Turn ecologists who would col-
lect which kind of data. Given my long experience as a bird watcher and my 
knowledge of the Malagasy avifauna, we decided that I would focus on birds. To 
complement bird point count data, we soon decided to also conduct sound record-
ings, given their advantages over point counts (Darras et al., 2019). I thus spent 
February 2017 to search for a suitable recorder for the field conditions in north-
eastern Madagascar. We figured that the self-built open-source recorder ‘SOLO’ 
would work best (Whytock & Christie, 2017). From March to June 2017, I invested 
a lot of time and resources into building eight customised ‘SOLO’ recorders (see 
Chapter 4 for details on sound recorders).  
The sound recorders did an excellent job at recording the soundscape across the 
land-use gradient, despite heavy rain and hot temperatures. Furthermore, none of 
our recorders was stolen or damaged. In total, we could thus collect 7.8 terabyte of 
sound recordings over the two field seasons of 2017 and 2018. But what to do with 
that much data? 
My plan was to collaborate with Malagasy ornithologists who have excellent 
knowledge of bird vocalizations. They would listen to a subset of the recordings 
from each plot, identify birds, and estimate the distance between sound recorder 
and bird (Darras, Furnas, et al., 2018) using the BioSounds platform developed by 
colleagues at the University of Goettingen (Darras et al., 2020). I met two skilful 
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ornithologists who were willing to take up the job. After several meetings it turned 
out that both were unfortunately too busy and could not make time for the identi-
fication, leaving me with no ‘real’, i.e. species-level, data.  
I hence decided to work on a first manuscript using point count data only (Chapter 
3), which is now published in Biotropica (Martin et al., 2020a). To my luck, I had the 
chance to supervise the MSc thesis of Saskia Dröge, who compared four different 
sound diversity indices across the land-use gradient (Chapter 4). By now, her thesis 
has morphed into a manuscript published in Ecological Indicators (Dröge et al., 
2021) – something I’m proud of as her (unofficial) supervisor. 
I derive two lessons from this: firstly, relying exclusively on technology-heavy data 
collection is risky, despite advantages over more traditional methods (Darras et al., 
2019). Having a low-tech backup, such as the point counts, is thus crucial. Secondly, 
one can make the best out of a difficult situation: despite the described difficulties, 
we managed to publish two bird-focused manuscripts over the course of my PhD.  
Lastly, the sound recording data is not lost. Ecological sound data analysis technol-
ogy is evolving fast (Sugai et al., 2019), suggesting that me, another PhD student, or 
anyone else can analyse the recordings in the future using newly emerging soft-
ware. This also encompasses the possibility to revisit the same plots in the future 
to assess changes in sound diversity or species composition over time. 
10.2 How to design policies that enable a sustainable land-use transfor-
mation in north-eastern Madagascar? 
Here, I firstly summarise findings from across the thesis that contrast biodiversity, ecosys-
tem services, and agricultural productivity of vanilla agroforests to other land uses (old-
growth forest, forest fragment, herbaceous fallow, woody fallow, and rice paddy) thereby 
leaving the within-vanilla differences (synthesized in 10.1) behind. I then discuss policy im-
plications of our findings, trying to find ways of how to address the ‘wicked problem’ of 
sustainable development in the region. I end this section on a positive note, by envisioning 
a thriving and sustainable future scenario for north-eastern Madagascar. 
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10.2.1 Biodiversity and ecosystem services across the predominant land-use types 
of north-eastern Madagascar
Importantly, our research within the Diversity Turn in Land Use Science project not only fo-
cuses on vanilla agroforestry but also investigates biodiversity, ecosystem services, and 
yields across other important land-use types in north-eastern Madagascar. This research 
enables us to quantify the relative contribution of vanilla agroforestry to biodiversity con-
servation and ecosystem service provisioning, thus assessing the land systems as a whole. 
This then makes it possible to derive management and policy recommendations that go be-
yond vanilla agroforestry, having the whole landscape as well as peoples’ livelihoods in 
mind. Here, I sum up key findings from across the thesis and put them in context to the 
literature on biodiversity conservation and ecosystem services in tropical mosaic land-
scapes. I also provide a short visual summary (Figure 10.1).
We show that preserving remaining old-growth forest is of utmost importance to conserve 
the unique biodiversity of the region (Chapters 3 & 5, Abstracts 9.1 & 9.2). This finding is in 
line with findings from elsewhere in Madagascar (reviewed in Irwin et al., 2010) and be-
yond (Barlow et al., 2007; Gibson et al., 2011), highlighting the irreplaceable value of pri-
mary forests for the conservation of tropical biodiversity. Importantly, the dependence on 
old-growth forests differs between taxa: we find 38% of amphibian species to exclusively 
occur in old-growth forest plots (Chapter 5), while this figure was only 26% for trees (Ab-
stract 9.1), 26% for reptiles (Chapter 5), 22% for birds (Chapter 3), and 9% for herbaceous 
plants (Abstract 9.2). These differences likely highlight that amphibians are particularly af-
fected by land-use change, confirming findings from elsewhere (Hof et al., 2011). Addition-
ally, old-growth forest dependency was higher for endemic trees, endemic herbaceous 
plants, and endemic birds, than for their non-endemic counterparts. For the birds in partic-
ular, I show that a higher endemism level, i.e. whether a species is non-endemic, endemic 
on species level, endemic on genera level, or endemic on (sub-)family level, is a strong pre-
dictor of the vulnerability of a species to land-use change. This finding corroborates a long-
standing but largely untested hypothesis by Wilmé (1996), which links endemism level to 
forest disturbance vulnerability in the Malagasy avifauna. Testing whether this relationship 
is merely explained by range size (Sykes et al., 2020) or whether Malagasy endemics are 
actually ‘special’ concerning their response to land-use change remains an open question. 
This goes of course not only for birds, but also for other taxa as highlighted above.
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Figure 10.1: Overview of key findings concerning biodiversity and ecosystem services across the 
seven predominant land-use types in north-eastern Madagascar, separated in biodiversity and eco-
system services (including yields). 
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Crucially, old-growth forests in north-eastern Madagascar also provide important ecosys-
tem services. Across all investigated land-use types, old-growth forests have the largest car-
bon storage (Abstract 9.5), the second highest predation rate (after forest fragments; Ab-
stract 9.4), the highest soil organic carbon content (Chapter 8), and the highest importance 
for water regulation (Chapter 8, Abstract 9.6). They consequently have a high multifunc-
tionality (Chapter 8). These findings are reflecting what has been shown for old-growth for-
ests elsewhere in Madagascar (Dave et al., 2017; Vieilledent et al., 2013) and across the 
tropics (DeFries et al., 2004; Don et al., 2011). Furthermore, old-growth forests are used by 
people for the collection of natural products (Abstract 9.6), despite forest-use restrictions 
in protected areas. Other research from north-eastern Madagascar also highlights the im-
portant role of old-growth forests as a source of bushmeat which is crucial for child nutri-
tion in certain villages (Golden et al., 2011). In sum, protecting remaining old-growth forests 
in north-eastern Madagascar from the most pressing issues they face today, shifting hill rice 
cultivation (Zaehringer et al., 2015) and overexploitation (Patel, 2007; Razafimanahaka et 
al., 2012), is key to maintain biodiversity and ecosystem services in this biodiversity 
hotspot. Particularly so, as further loss of old-growth forest would risk further ‘ecosystem 
decay’ where species are lost faster than would be expected by forest loss alone (Chase et 
al., 2020). The need to conserve remaining old-growth forest is further underscored by that 
secondary forest regeneration in the rainforest biome of eastern Madagascar appears to be 
much slower than elsewhere (Brown & Gurevitch, 2004; Klanderud et al., 2010). 
Our research also highlights the important role of forest fragments in safeguarding biodi-
versity providing ecosystem services. These unburned but heavily used fragments of the 
once continuous old-growth forest can be found throughout much of the agriculture land-
scape. They are more common close to the deforestation frontiers (Vieilledent et al., 2018), 
highlighting that these forest fragments are being lost with time (Schüßler et al., 2018), a 
trend also observed in other tropical regions (Hansen et al., 2020). The loss of forest frag-
ments puts biodiversity at risk: we find a higher level of species richness compared to other 
land-use types within the agricultural landscape for various taxa (trees, Abstract 9.1; am-
phibians and reptiles, Chapter 5). For other taxa, levels of endemism are elevated (birds, 
Chapter 3; trees, Abstract 9.1; herbaceous plants, Abstract 9.2). The single observation of a 
near-threatened bird species, the Madagascar Sparrowhawk, also stems from a forest frag-
ment (Chapter 3). Taken together, this underlines the value of forest fragment to provide a 
refuge for various species within the agricultural mosaic landscape. However, the biodiver-
sity in forest fragments documented by us may be in decline, even if the fragments can be 
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conserved. Extinction debts (Kuussaari et al., 2009) are likely to occur as the isolation of the 
forest fragment is relatively recent. If such losses over time would materialise, the forest 
fragments of north-eastern Madagascar would align with other tropical rainforest frag-
ments that, in average, show negative trends in biodiversity indicators (Turner, 1996). For-
est fragments are also important for the provisioning of ecosystem services. Indeed, people 
value their contribution to water regulation and collect various natural products (Chapter 
8, Abstract 9.6). Furthermore, forest fragments represent important carbon stocks, both 
above and below ground (Abstract 9.5, Chapter 8), and have the highest predation rates 
across all studied land uses (Abstract 9.4). In sum, these factors contribute to multifunction-
ality, which is higher in forest fragments than in any other land-use type within the agricul-
tural landscape (Chapter 8). This important role of forest for ecosystem service provision-
ing in north-eastern Madagascar has been recognised previously (e.g. Zaehringer et al., 
2017) underlining the need to stop the disappearance of forest fragments for biodiversity 
and ecosystem services. 
In north-eastern Madagascar, shifting cultivation represents the most important land-use 
on the hills in terms of area. Given how dynamic this system is (Styger et al., 2007), we stud-
ied two stages of the shifting cultivation cycle: herbaceous fallows, as found roughly half a 
year after rice harvest, and woody fallows – as found 4-16 years post rice harvest (see In-
troduction 1.4.3). We show that herbaceous fallows host low levels of species richness 
across taxa and some recovery in terms of species richness under the transformation to 
woody fallow. However, assemblages are typically dominated by non-endemic species (e.g. 
birds, Chapter 3). The exception are herbaceous plants, that are species rich in both stages, 
but again, assemblages are dominated by non-endemic species (Abstract 9.2). When com-
bined, we see comparatively low values of multidiversity and even lower values for endemic 
multidiversity in fallow lands (Chapter 8). These results are in line with plant-focused stud-
ies from other areas in eastern Madagascar (e.g. Klanderud et al., 2010) that show a plat-
eauing recovery of plant structure and diversity in fallows. This indicates that secondary 
forest recovery in the region is slow. Furthermore, the recovery is typically stopped by in-
tentional fires, necessary for an additional cycle of hill rice cultivation, or by fire escapes, 
which frequently burn fallow lands (Kull, 2002; Styger et al., 2007). In terms of ecosystem 
functions and services, we find similar patterns of limited recovery from herbaceous to 
woody fallow: above-ground carbon (Abstract 9.5), soil organic carbon (Chapter 8), and 
predation rates (Abstract 9.4) are higher in woody than in herbaceous fallows; nonetheless, 
all indicators are lower than what we find in old-growth forest, forest fragment, and forest-
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derived vanilla agroforestry. The shifting cultivation cycle does, however, provide rice 
yields, especially for households with little or no vanilla agroforestry or rice paddy 
(Andrianisaina et al., in prep.), highlighting the importance for food security 
(Andriamparany et al., in review). Furthermore, woody fallows in particular are an im-
portant source of natural products (Abstract 9.6). 
We further demonstrate that separating vanilla agroforests based on their land-use history 
(forest- vs. fallow-derived) is essential to assess their conservation value and their contri-
bution to the provisioning of ecosystem services (all Chapters). We confirm that, overall, 
forest-derived vanilla agroforests degrade forests whereas fallow-derived vanilla agrofor-
ests rehabilitate historically forested open fallow land, as suggested in Chapter 2. I here re-
frain from further discussion of our results on biodiversity and ecosystem services in vanilla 
agroforests, as an in-depth discussion of the topic can be found in Section 10.1.2. 
Rice paddies are of relatively low conservation value, except for certain endemic water 
birds (Chapter 3). They are also the most species-rich land-use type in terms of herbaceous 
plants (Abstract 9.2), but most of these species are exotics. Rice paddies perform also poorly 
in terms of multidiversity and multifunctionality (Chapter 8). Nonetheless, rice yields in rice 
paddies are substantial and the land use represents a profitable land-use option for small-
holder farmers, both per unit area and per unit labour (Chapter 8). They are thus important 
for food security (Andriamparany et al., in review). However, rice paddies in Madagascar 
yield less than in other countries with similar bio-physical conditions (Stoop et al., 2002). A 
sustainable intensification approach (Stoop et al., 2002) may thus offer an opportunity to 
close yield gaps on existing paddies, potentially sparing forest land from shifting cultivation 
or enabling longer fallow periods on land already under shifting cultivation. Nonetheless, 
these potential benefits may not materialise, as many of the households engaging heavily in 
shifting cultivation own little or no rice paddy (Andrianisaina et al., in prep.). Sustainable 
rice intensification (Stoop et al., 2002) may thus be insufficient to take conversion pressure 
off surrounding hills. Furthermore, the most suitable places for paddy rice in our study vil-
lages are already farmed as such, making the establishment of new rice paddies more diffi-
cult (Llopis et al., 2019). 
To best understand dynamics between these land-use types, I conceptualised the landscape 
of north-eastern Madagascar along the prevailing land-use trajectory (Chapter 8). This tra-
jectory than allows to identify conservation opportunities. The approach reveals distinct 
trade-offs between ecosystem functions and biodiversity on the one hand, and agricultural 
productivity on the other, at two out of three opportunities under forest conversion. Co-
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benefits between agricultural productivity and biodiversity and ecosystem functions exist 
for fallow-derived agroforestry. 
10.2.2 Land-use change and forest conservation in north-eastern Madagascar – a 
‘wicked problem’? 
A policy brief by colleagues (Zaehringer et al., 2018), who work on land-use change issues 
further south on Madagascar’s east coast, frames the conflict between the needs of small-
holder farmers and forest conservation as a ‘wicked problem’. On the one hand, deforesta-
tion rates in eastern Madagascar remain high (Vieilledent et al., 2018), symptomatically 
showing that there has been little progress in improving forest governance. Nonetheless, 
living standards of the rural poor have largely been stagnating as Sustainable Development 
Goal (SDG) targets have not been met (Waeber et al., 2016). This highlights that there is no 
increase of living standards as forests are converted to agricultural lands, as can (at least in 
part) be observed elsewhere, for example in oil palm landscapes (Qaim et al., 2020; Santika 
et al., 2019).  
Such wicked problems are not uncommon in environmental management and represent 
governance problems where no clear-cut solution exists (DeFries & Nagendra, 2017). How-
ever, the fact that a problem is difficult to solve should not be stopping us from developing 
approaches, even if they only address certain aspects of the issue (Zaehringer et al., 2018). 
For example, the proliferation of sustainable and well-yielding vanilla agroforestry prac-
tices (see 10.1) may increase cash crop income of small holder farmers, the transformation 
of fallow land into fallow-derived vanilla agroforests could rehabilitate land (10.1), and a 
more equitable vanilla trade (10.1.4) may increase the share of vanilla profits going to farm-
ers and could also lead to more stable prices. However, policies will need to go beyond va-
nilla. Firstly, because not everyone profits from vanilla farming (Hänke et al., 2018), and, 
secondly, because sustainable land-use cannot be achieved with vanilla agroforestry alone 
(Laney & Turner, 2015). Instead, policies need to focus on other land uses as well. This may 
include sustainable paddy rice intensification (Stoop et al., 2002), more sustainable shifting 
cultivation (Mertz, 2002; Messerli, 2000), and an optimised livestock keeping (Kunz et al., 
2020). Policies will also need to be focused on the remaining old-growth forest: the long-
established Marojejy National Park would profit from better policing of existing rules in the 
short- and midterm; other forest blocks in the region may profit from secured forest tenure 
and community forest management (Rasolofoson et al., 2015; Robinson et al., 2014). In sum, 
interventions at various stages along the land-use trajectory (Chapter 8)  will be necessary 
to maintain unique forest habitat and to maintain, and in places restore, the agriculture 
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mosaic landscape of north-eastern Madagascar. To implement some of the options sug-
gested above, identifying people or institutions that may apply new policies and initiate in-
novative approaches (i.e. agents of change, Andriamihaja et al., 2021) may provide a first 
starting point. Importantly, any attempts to address the issues locally also need to go in 
concert with improvement of country-wide governance, as they otherwise risk to be jeop-
ardized (Vieilledent et al., 2020; Waeber et al., 2016). 
In sum, saving the unique biodiversity of north-eastern Madagascar and enabling a fulfilled 
life for people in the region is not one or the other. Instead, both are necessarily connected 
and must be achieved in concert, without playing one side against the other. That being said, 
regulations will be needed to safeguard remaining old-growth forests in National Parks in 
the short- and mid-term. At the same time, measures enabling livelihoods that do not rely 
on deforestation, must be stepped up.  
10.2.3 My thriving vision for north-eastern Madagascar 
In the long-term, I envision a diverse smallholder-dominated agricultural landscape in 
north-eastern Madagascar, whic exemplifies land sharing. Diverse and well-yielding vanilla, 
clove, coffee, and cocoa agroforests established on fallow land (Chapter 2) would cover the 
hills, productive rice paddies would be situated in valleys and on terraced slopes, and rem-
nant forest fragments would proudly stand in between. Existing forest-derived agroforests 
would be maintained, and targeted sustainability certification schemes would encourage 
the regeneration of native trees in these agroforests (Chapter 2 & 6), as would the local 
pride in these traditional agroforestry systems. Reforestation projects run by local people 
would restore the missing connection between protected areas, thereby also providing ad-
ditional income through payments for ecosystem services (PES) schemes and timber sales. 
A thriving eco-tourism sector would provide unique nature experiences for the growing ur-
ban Malagasy middle class, who would crave to visit the countries’ forests. Adequate roads, 
safe buses, and fast boat links would connect rural centers to the regions’ four main cities, 
providing possibilities for teachers, nurses, technicians, and everyone else to travel to and 
from the countryside. Sambava, Antalaha, Vohémar, and Andapa, the regions’ four main cit-
ies, would become trade hubs for the agricultural commodities the region has to offer. Small 
workshops would process cocoa beans into premium chocolate and brew vanilla essence 
for the export market, thereby adding more value locally. A train link would connect Anta-
laha and Sambava to the port of Vohémar and the capital Antananarivo, offering transport 
for goods and people, and views on the solar farms, palm plantations, and littoral forest 
restoration projects that would characterize the littoral zone along the Indian Ocean. 
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 Box 5: My PhD journey – Writing, data analysis and science communication 
Pursuing a PhD is often described as a difficult and long journey with a multi-
tude of challenges. In my case starting with data collection in north-eastern 
Madagascar (discussed in ‘My PhD journey – Field work in Madagascar’), followed 
by data curation, data analysis, write-up and communication.  
I’m personally in the position that I enjoy scientific writing, which typically 
poses a major challenge to many PhD students (Cotterall, 2011; Ramírez-
Castañeda, 2020). This is also the reason why I could complete the review chapter 
on land-use history of tropical agroforests (Chapter 2) – which involved hardly any 
data analysis – in a short period of time. The fact that I enjoy the writing process 
has also to do with the great mentorship I got during my Masters (shout out to Al-
fredo Sánchez-Tójar and Julia Schroeder!) and during my PhD through supervisors 
and co-authors. 
Data analysis, on the other hand, posed a challenge to me. While I always enjoyed 
coming up with possible ways to analyse and, in particular, visualize the data, I 
struggled on the statistical side of it. Even after reading for hours, I always had the 
impression that there is more to read and more statistical premises to test for, rais-
ing concerns on whether the chosen approach would be valid. I figured at some 
point that it is also necessary to be pragmatic: trying the best in being rigorous and 
open about the methods applied (by publishing the R-scripts), but also recognising 
that one is an ecologist and not a statistician. 
Coming back to a topic I enjoyed a lot: science communication. I see the communi-
cation of scientific results to the public as a core task for us scientist, given the pub-
lic funds we receive. Interestingly, science communication can also enhance the ci-
tations and thus the proliferation of a paper (Peoples et al., 2016). From the begin-
ning, I co-ran the Diversity Turn Twitter account (@Diversity_Turn) and also 
tweeted through my personal account (@Dominic_Mart), reaching thousands of 
people every month. However, most people seeing our tweets were scientists them-
selves, so communicating our research through traditional media also seemed im-
portant. Over the course of the project, I had several opportunities to talk to Jour-
nalist, leading to media coverage on the British television station Channel 5 and on 
German Deutschlandfunk radio. Additionally, a media release to my Conservation 
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Letters paper (Chapter 2)  prompted coverage on various outlets.  My Diversity Turn 
colleagues also communicated our findings through interviews with the magazine 
Positive News, the German radio DetektorFM, and the Malagasy radio stations Ra-
dio Vanille and Radio MFK.  
10.3 Ideas for future land-use research in north-eastern Madagascar 
In this section, I discuss potential future land-use research in north-eastern Madagascar, 
going beyond what we could achieve within the Diversity Turn in Land Use Science project; 
both on the plot- and landscape scale, as well as concerning land-use policy.  
On a plot scale, I believe that we need additional insights into drivers of vanilla yields. In 
this context, I find it particularly interesting to study how shade-tree management and land-
use history interact in influencing vanilla yields under increasingly difficult growing condi-
tions expected under climate change (Harvey et al., 2014). This could be achieved through 
drought experiments in vanilla agroforests, as pioneered in cocoa (Schwendenmann et al., 
2010). Furthermore, exclusion experiments (Maas et al., 2019) could show if shade-tree 
management and land-use history influence pest control in vanilla agroforestry.  
Further research on the plot-scale would be necessary to elucidate the impacts of vanilla 
management practices and other land-use decisions on biodiversity and ecosystem ser-
vices, especially in the long run. Indeed, our data can only provide a snapshot of the state of 
biodiversity and ecosystem functions in 2017 and 2018, the two years we collected data. 
Given the importance of time series data in detecting biodiversity change (Dornelas et al., 
2014) and limitations of the space-for-time approach we applied (De Palma et al., 2018), 
collecting more long-term data, or at least data at a second instance in the future, would be 
highly interesting. Especially so, as biodiversity loss in tropical agricultural landscapes may 
otherwise be overlooked (Maas et al., 2009; Socolar et al., 2019). Such a comparison over 
time might be facilitated by the audio recordings I collected across our study design (Chap-
ter 4): they may enable an accurate comparison of biodiversity variables across time steps, 
as the same analysis methods may be applied, without problems of observer bias (Darras, 
Batáry, et al., 2018; Sugai et al., 2019). Comparison of biodiversity changes over time will 
also be facilitated by archiving our existing data and by describing methods and metadata 
as a data paper, a step that I have in mind for next year. These records, in concert with long-
term data collection and environmental monitoring, would enable researchers to assess the 
stability of biodiversity and ecosystem functions in north-eastern Madagascar over time. 
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For example, this may help to identify extinction debts (Kuussaari et al., 2009) in landscapes 
where forest cover has been lost in recent years, or possible immigration credits (Jackson 
& Sax, 2010) in fallow-derived agroforests that rehabilitate land previously under shifting 
cultivation (more in Chapter 2). 
On a landscape scale, I would be highly interested to see research on the impacts of pro-
posed land-use policies (see 10.2) on deforestation, land-use practices, and livelihoods. To 
do so, a randomized control trials (RCT), where an intervention is rolled out in a randomly 
selected subsample of experimental units, would offer a unique opportunity to study the 
effect of an intervention in depth (Pynegar et al., 2020). Such research could show whether 
and how a policy is working for the environment and for people. However, designing a ran-
domized control trial is non-trivial and requires a well-developed intervention that can be 
evaluated (Pynegar et al., 2020). Consequently, a RCT may only be possible after more in-
depth research on possible interventions. 
This research could be delivered through various approaches. One interesting and applied 
approach to shed light on possible futures for the vanilla landscapes in north-eastern Mad-
agascar is participatory scenario planning (Oteros-Rozas et al., 2015). The tool allows re-
searchers to evaluate alternative futures of social-ecological systems, thereby incorporating 
the ideas and concerns of people living in the landscapes of question. Importantly, this 
would allow to conceptualise future outcomes, rather than disparaging about the past 
(Oteros-Rozas et al., 2015). For example, a recent study has highlighted alternative futures 
for coffee landscapes in south-western Ethiopia (Jiren et al., 2020). The research finds that 
agroecological development pathways may generate synergies between food security and 
biodiversity conservation, whereas production-focused pathways entail degradation of nat-
ural capital and social inequity. 
 Box 6: My PhD journey – DAAD Grant ‘Partnerships for Biodiversity’ 
In early 2018, we came to the conclusion that the funding available for the Malagasy 
PhD students involved in the Diversity Turn in Land Use Science project was insuffi-
cient to make our collaboration a success. The budget of the project was not in-
tended to fund PhD students based in Madagascar in the first place, and while a 
basic salary could be funded, little was possible beyond that. Particularly so, as we 
felt that multi-month research stays of the Malagasy PhD students at the University 
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of Goettingen would greatly profit our common research goals and the personal 
development of everyone involved.  
We thus started to look for funding options and came across the DAAD Partnerships 
for Biodiversity in Developing Countries. Given the approaching deadline, we only 
had one month to design a four-year 200’000 Euro project and to complete a full 
grant. With this time pressure, we put all our effort together and wrote the grant 
collaboratively between Kristina Osen, Annemarie Wurz, Holger Kreft, and me. 
Much to our own surprise, we managed to submit in time and were very excited to 
learn about the success of the grant in autumn 2018. Since then, the funding has 
enabled a workshop in Sambava, a conservation roundtable for the SAVA region, 
and nine multi-months research stays at the University of Goettingen for my Mala-
gasy colleagues. The program has made it possible to work more closely together, 
advance collaborative publications, and grow together as a team. For the next two 
years to come, we have planned two more conservation roundtables, teaching ex-
changes, and an excursion for students of three partner Universities. 
Writing a relatively large grant proposal during my PhD has taught me a lot for my 
future career and was an experience I would not want to have missed. Particularly 
so since we succeeded in securing the funding and could already see the fruits of 
the work over the past two years.  
Thanks to the German Academic Exchange Service (DAAD) for the funding! 
10.4 Conclusion 
The central aim of my thesis is to elucidate drivers and impacts of land-use change in north-
eastern Madagascar, a global biodiversity hotspot. I was able to provide knowledge on neg-
ative impacts of land-use change on biodiversity (Chapters 3-5 & 7-9) and ecosystem ser-
vices (Chapter 8, Abstracts 9.4-9.6). I further generated knowledge on how vanilla agrofor-
ests can be managed for people and nature (Chapters 6 & 7), and how important it is to 
consider land-use history of (vanilla) agroforests (Chapter 2).  
In sum, land-use change is driven by economic opportunities for farmers aiming at expand-
ing their land to make a living. In the case of shifting hill rice cultivation, which is responsi-
ble for the majority of forest loss in the region (Zaehringer et al., 2015), these opportunities 
are a need to fulfil subsistence requirements (Laney & Turner, 2015; Llopis et al., 2020). In 
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the case of vanilla agroforestry, these economic opportunities are strongly driven by high 
but hugely fluctuating world market prices for vanilla (Hänke et al., 2018). Nonetheless, dif-
ferent land-uses have varying impact on biodiversity and ecosystem services. Old-growth 
forest conversion inevitably leads to a loss of biodiversity, particularly of endemic biodiver-
sity, highlighting the importance of old-growth forest conservation. Similarly, some key eco-
system services are lost. Thereafter, however, land-use types outside old-growth forest that 
are established without the use of fire (forest fragments and forest-derived vanilla) gener-
ally outperform land-use types that were established under the use of fire, namely herba-
ceous and woody fallow, as well as fallow-derived vanilla agroforestry, in terms of ecosys-
tem services and biodiversity. These findings call for a consideration of land-use history 
respectively the conceptualisation of landscapes along land-use trajectories to derive mean-
ingful advice for policy makers – both in the case of north-eastern Madagascar and beyond. 
Within vanilla agroforests, vanilla yields are independent of canopy cover and are not cor-
related to biodiversity metrics, suggesting opportunities for sustainable intensification of 
existing vanilla agroforests to optimise yields. Nonetheless, enabling the rejuvenation of na-
tive trees in forest-derived vanilla agroforests and facilitating the ongoing tree rehabilita-
tion in fallow-derived agroforests will be necessary to safeguard those mutually beneficial 
production systems into the future. 
However, the data presented in this thesis have their limitations. Particularly, they can only 
provide a snapshot of the state of biodiversity and ecosystem services at the time of data 
collection and cannot be conclusive about long-term trends. The findings are also based on 
correlational analyses, calling for more experimental approaches in future research. Im-
portantly, the here-generated advice is furthermore in need for refinement through more 
applied and policy-focused approaches to avoid an implementation gap.  
With this thesis, I provide a major advancement of our knowledge concerning biodiversity, 
ecosystem services, and yields in vanilla agroforestry systems. Furthermore, I illustrate the 
importance of understanding vanilla agroforestry in a land-use context that is sensible to 
land-use history; a subject that I have put on the agenda for agroforestry research. Finally, 
I anticipate that my research will pave the way for more policy-relevant research which will 
be necessary to achieve a sustainable land-use transformation in the biodiversity hotspot 
of north-eastern Madagascar, contributing to the wellbeing of people and nature alike.  
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12.3.1 Details on selection of villages and plots
We first selected 10 villages within the 60 study villages of the Diversity Turn project (see 
Hänke et al. 2018 for choice of 60 villages). Using google earth, we selected villages which 
did not have coconut plantations, not more than 40% water (sea, lake or river) but have 
forest fragments and shifting cultivation, within a 2 km radius buffer around the village. 
This produced a list of 17 villages. If two of those 17 villages had overlapping 2 km buffers, 
we selected one of them randomly resulting in 14 remaining villages. We then visited those 
villages in random order to select plots. In one village we did not find the land-use types for
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our study and in one village people were not willing to participate in the study. We thus 
visited 12 of the 14 villages and chose plots in 10 villages. We did not visit the remaining 2 
of the 14 villages because we could already establish suitable plots in 10 villages, which was 
the targeted number of study villages a priori. 
12.3.2 Details on old-growth forest sites
Few contiguous forest blocks remain within the study area. Most of them are situated at 
higher altitudes than our village plots making them unsuitable as an old-growth forest base-
line. The only two areas with large connecting low altitude rainforest are Makirovina-Tsi-
homanaomby Reserve and Marojejy National Park. Talking with local experts about the 
level of disturbance and forest use in both forests, we disregarded the option of sampling at 
Makirovina-Tsihomanaomby as the forest there, particularly at low altitude, is heavily used 
for unauthorized wood extraction and vanilla cultivation. Therefore, we chose all 10 old-
growth forest plots inside Marojejy National Park.
Marojejy National Park was founded as a strict nature reserve in 1952 and was converted 
into a National Park in 1998 (Goodman, 2000). The park has a size of 55’500 ha and spans 
elevation zones from low altitude rainforest to shrub land above the tree line at the peak of 
Marojejy at 2132m.a.s.l. (Goodman, 2000). The park is widely recognized for its exceptional 
biodiversity, also in comparison to other protected areas in Madagascar (Goodman, 2000). 
Five of the plots in Marojejy National Park were in the Manantenina Valley (termed Marojejy 
Tourist), five further east in the Boangabe area (termed Marojejy East). Forest plots in the 
Manantenina valley might have experienced some logging in the past, particularly for pre-
cious woods (Patel, 2007), but are now well protected as this is the touristic zone of the 
park. However, some clearings occurred before the park was established as a strict nature 
reserve in 1952, leading to gaps in the forest cover which we avoided when selecting the 
plots. In Boangabe, some illegal selective logging and trapping occurred at the time of data 
collection (personal communication Jean-Chrysostome Bevao) and in the past (Patel, 2007). 
We did avoid sites with obvious selective logging when selecting the plots.
The old-growth forest plot centers are a minimum of 250 m from the forest edge and the 
minimum distance between old-growth forest plot centers is 260 m.
12.3.3 Details on vanilla plot selection
Vanilla is the main cash crop in north-eastern Madagascar (Hänke et al., 2018), and the most 
important export commodity of Madagascar (Comtrade, 2017). In each of the 10 villages,
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we selected three plots, one plot with low, one with intermediate and one with high canopy 
closure based on visual impressions in the field aiming for a within-village gradient in can-
opy closure. After plot selection but before data collection, we identified a differentiation 
based on land-use history (fallow- vs. forest-derived) as an interesting unit of analysis. We 
thus attributed each of those 30 plots to two categories based on land-use history following 
confirmation with plot owners. 20 out of 30 agroforests were derived from fallow land and 
thus termed ‘fallow-derived vanilla’ while the remaining 10 agroforests were forest-derived 
and thus termed ‘forest-derived vanilla’ following the concept of Martin et al. (2020b). Due 
to the initial selection criteria, both forest-derived and fallow-derived plots have a gradient 
from low to high canopy closure. The proportion of two-thirds of vanilla agroforests being 
fallow-derived can be representative for the study region (Hänke et al., 2018) for which 
fallow-derived vanilla made up 70% of all vanilla agroforests while forest-derived vanilla 
accounted for 27% (excluding agroforests that had been acquired as vanilla by respective 
households; 3% of plots had an unknown land-use history). 
12.3.4 Details on point counts
We conducted two point counts (Bibby, Burgess, Hill, & Mustoe, 2000) of 40 minutes each 
on all 80 plots during the breeding season which is from late August to December. Two ob-
servers carried out all point counts between 4:45 AM and 8:14 AM. With the exception of 
old-growth forest plots, we did the first point count between October and December 2017 
with DAM as the main observer and RA as the second observer. We conducted a second 
point count on each plot between August and November 2018 with ER as the main observer 
and DAM or SD as the second observer. We reversed the order of plot visits over time in the 
second year to avoid seasonal bias. ER as the main observer conducted old-growth forest 
point counts once in late August/early September 2018 (DAM as second observer) and once 
in late November/early December 2018 (SD as second observer). On 73 plots we started 
one point count around sunrise and one at least one hour after sunrise; on 7 plots this alter-
ation was not possible due to logistical constraints. See Table 2 for times and observers of 
each point count. After arriving at the plot center, we waited for minimum three minutes to 
allow birds to settle. We then noted the conditions including rain (no rain, drizzle, light rain, 
heavy rain) and wind (Beaufort 1-12; Beer, 2013)). We only started point counts if weather 
conditions were good, meaning no rain and wind equal or less than Beaufort 4. If weather 
conditions deteriorated for more than 10 min, we aborted the point count and started again 
later or the next day under better conditions. To improve bird distance estimation, we esti-
mated the distance to landmarks (e.g. trees, huts, plantation borders) at 25 m distance and,
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if possible, at 50 m distance in all 4 cardinal directions. We divided each 40-minutes point 
count into 8 ‘mini-counts’ of 5 minutes each to avoid counting the same individual more 
than once, a common problem of long point counts (Bibby et al., 2000; Scott & Ramsey, 
1981). During each mini-count, the main observer identified bird individuals and flocks of 
birds as unique detections including the estimated distance from the plot center, whether 
he/she heard or saw them, and, if seen, whether they were in flight or not. For groups of 
birds, we noted the number of individuals. Number of detections is thus smaller than the 
total number of individuals as one detection may have included more than one individual. 
We used a field guide (Hawkins, Safford, & Skerrett, 2015) along with audio recordings to 
aid identification (Hawkins and Ranft, 2007). The second observer assisted with finding 
birds visually and audibly and entered all data into a tablet using the data entry application 
‘KOBO toolbox’ (Harvard Humanitarian Initiative, 2018). Nomenclature followed the Bird-
Life checklist (BirdLife International, 2018). We recorded unknown vocalizations using an 
Olympus LS-14 handheld recorder for later identification. 26 individuals which we could 
not identify with certainty were excluded from analysis. Lesser Vasa Parrot (Coracopsis 
nigra) and Greater Vasa Parrot (C. vasa) are difficult to distinguish in the field (Hawkins et 
al., 2015), thus we treated them as one species. We excluded all species only seen in flight 
and outside the plot from our analysis. 
12.3.5 Data uploaded on DRYAD
Martin, D. A., Andriafanomezantsoa, R., Dröge, S., Osen, K., Rakotomalala, E., Wurz, A., Andri-
anarimisa, A., & Kreft, H. (2020a), Data from: Bird diversity and endemism along a land-use 
gradient in Madagascar: the conservation value of vanilla agroforests. Data Dryad, 
https://doi.org/10.5061/dryad.83bk3j9nm
DATA_plot_characteristics.csv
List of all 80 plots with plot-code, land-use type, village, burned (yes/no), longitude, lati-
tude, elevation, 2017 landscape-scale forest cover in a 250 m radius around plot centers, 
canopy closure, basal area, and number of large trees.
Plot coordinates (longitude / latitude) have been reduced to three digits to protect the pri-
vacy of land owners.
DATA_species_by_site_matrix.csv
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Figure 12.1: Species accumulation curves and sample coverage for each land-use type calculated 
using the R-Package iNEXT. Each plot is treated as one sampling unit, hence 10 sampling units per 
land-use type with the exception of fallow-derived vanilla with 20 plots. a) Species accumulation 
curves are still increasing but are starting to level off after 10 plots in all land-use types. b) Sample 



























Figure 12.2: Total number of bird species (gamma-diversity) and number of species per endemism 
level across all plots (N = 80) and in each land-use type (N = 10 plots per land-use type; 10/20 sub-
sampled for fallow-derived vanilla). Endemics make up a larger proportion than expected from a null 
model in old-growth forests. The unburned land-use types, forest fragment and forest-derived vanilla 
come closest to the null model, while non-endemic species are heavily overrepresented in burned 
land-use types and rice paddies. Points represent all null model estimates and the first respectively 
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Figure 12.3: Correlation-plot of covariates for general linear models including correlation coeffi-
cients, histograms and boxplots for each land-use type. Displayed are only the values for the land-
use types included in the GLMs, that is forest fragment (FF), forest-derived vanilla (VFST), fallow-
derived vanilla (VFLW), and woody fallow (WF). # tall trees and canopy closure were not included 









Table 12.1: Mean size of each land unit in which we established the plots
Land-use type Mean size (ha) Standard 
deviation 
Method 
Old-growth forest 59’752 NA National Park Size; https://protect-
edplanet.net/2305 
Forest fragment 3.93 3.95 Manual measurement in Google Earth 
Forest-derived vanilla 1.01 0.80 GPS device in terrain 
Fallow-derived vanilla 0.48 0.19 GPS device in terrain 
Woody fallow 0.65 0.26 Manual measurement in Google Earth 
Herbaceous fallow 0.49 0.30 GPS device in terrain 
Rice paddy 0.63 0.28 GPS device in terrain 
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Table 12.2: List of all 160 point-counts in 80 plots with first and second observer and observation times. All times are AM. ER: Eric Rakotomalala, DAM: Dominic 
Andreas Martin, SD: Saskia Dröge, RA: Rouvah Andriafanomezantsoa.

















ME-PF1 Old-growth forest  29/08/2018 5:33 6:13 ER DAM 06/12/2018 5:51 6:31 ER SD 
ME-PF2 Old-growth forest  28/08/2018 5:45 6:25 ER DAM 04/12/2018 6:15 6:55 ER SD 
ME-PF3 Old-growth forest  28/08/2018 7:02 7:42 ER DAM 04/12/2018 4:53 5:33 ER SD 
ME-PF4 Old-growth forest  30/08/2018 6:51 7:31 ER DAM 05/12/2018 4:59 5:39 ER SD 
ME-PF5 Old-growth forest  30/08/2018 5:32 6:12 ER DAM 05/12/2018 6:12 6:52 ER SD 
MT-PF1 Old-growth forest  05/09/2018 5:32 6:12 ER DAM 28/11/2018 6:17 6:57 ER SD 
MT-PF2 Old-growth forest  05/09/2018 6:57 7:37 ER DAM 28/11/2018 4:50 5:30 ER SD 
MT-PF3 Old-growth forest  06/09/2018 5:32 6:12 ER DAM 29/11/2018 5:50 6:30 ER SD 
MT-PF4 Old-growth forest  04/09/2018 6:48 7:28 ER DAM 27/11/2018 4:57 5:37 ER SD 
MT-PF5 Old-growth forest  04/09/2018 5:32 6:12 ER DAM 27/11/2018 6:10 6:50 ER SD 
V13-FF Forest fragment  12/12/2017 6:00 6:40 DAM RA 01/11/2018 4:53 5:33 ER SD 
V13-HF Herbaceous fallow  07/10/2017 5:03 5:43 DAM RA 01/11/2018 6:15 6:55 ER SD 
V13-RP Rice paddy  06/10/2017 5:28 6:08 DAM RA 30/10/2018 6:25 7:05 ER SD 
V13-VH Forest-derived vanilla  05/10/2017 7:12 7:52 DAM RA 31/10/2018 4:52 5:32 ER SD 
V13-VL Fallow-derived vanilla  04/10/2017 6:08 6:48 DAM RA 31/10/2018 7:04 7:44 ER SD 
V13-VM Fallow-derived vanilla  06/10/2017 7:24 8:04 DAM RA 30/10/2018 4:56 5:36 ER SD 
V13-WF Woody fallow  07/10/2017 6:47 7:27 DAM RA 02/11/2018 4:54 5:34 ER SD 
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V24-FF Forest fragment  07/11/2017 6:35 7:15 DAM RA 09/11/2018 4:57 5:37 ER SD 
V24-HF Herbaceous fallow  08/11/2017 6:26 7:06 DAM RA 08/11/2018 4:56 5:36 ER SD 
V24-RP Rice paddy  09/11/2017 6:20 7:00 DAM RA 06/11/2018 5:00 5:40 ER SD 
V24-VH Forest-derived vanilla  10/11/2017 6:09 6:49 DAM RA 07/11/2018 4:51 5:31 ER SD 
V24-VL Fallow-derived vanilla  08/11/2017 5:14 5:54 DAM RA 08/11/2018 6:01 6:41 ER SD 
V24-VM Fallow-derived vanilla  09/11/2017 4:55 5:35 DAM RA 06/11/2018 6:54 7:34 ER SD 
V24-WF Woody fallow  07/11/2017 5:14 5:54 DAM RA 07/11/2018 6:30 7:10 ER SD 
V25-FF Forest fragment  13/12/2017 6:31 7:11 DAM RA 24/10/2018 5:01 5:41 ER SD 
V25-HF Herbaceous fallow  19/10/2017 5:20 6:00 DAM RA 23/10/2018 6:35 7:15 ER SD 
V25-RP Rice paddy  19/10/2017 6:32 7:12 DAM RA 22/10/2018 5:08 5:48 ER SD 
V25-VH Forest-derived vanilla  20/10/2017 7:02 7:42 DAM RA 25/10/2018 4:57 5:37 ER SD 
V25-VL Forest-derived vanilla  18/10/2017 5:16 5:56 DAM RA 22/10/2018 6:50 7:30 ER SD 
V25-VM Forest-derived vanilla  18/10/2017 6:39 7:19 DAM RA 23/10/2018 5:01 5:41 ER SD 
V25-WF Woody fallow  13/12/2017 5:10 5:50 DAM RA 24/10/2018 6:22 7:02 ER SD 
V2-FF Forest fragment  31/10/2017 6:56 7:36 DAM RA 16/10/2018 5:32 6:12 ER SD 
V2-HF Herbaceous fallow  03/11/2017 5:29 6:09 DAM RA 17/10/2018 6:16 6:56 ER SD 
V2-RP Rice paddy  01/11/2017 6:28 7:08 DAM RA 18/10/2018 5:19 5:59 ER SD 
V2-VH Forest-derived vanilla  31/10/2017 5:26 6:06 DAM RA 16/10/2018 7:09 7:49 ER SD 
V2-VL Fallow-derived vanilla  02/11/2017 6:48 7:28 DAM RA 17/10/2018 4:57 5:37 ER SD 
V2-VM Fallow-derived vanilla  01/11/2017 5:00 5:40 DAM RA 19/10/2018 6:00 6:40 ER SD 
V2-WF Woody fallow  02/11/2017 5:00 5:40 DAM RA 18/10/2018 6:41 7:21 ER SD 
V39-FF Forest fragment  14/10/2017 7:11 7:51 DAM RA 16/11/2018 4:50 5:30 ER SD 
 264 
V39-HF Herbaceous fallow  13/10/2017 5:24 6:04 DAM RA 23/11/2018 5:53 6:33 ER SD 
V39-RP Rice paddy  14/10/2017 5:03 5:43 DAM RA 16/11/2018 6:52 7:32 ER SD 
V39-VH Forest-derived vanilla  11/10/2017 6:30 7:10 DAM RA 22/11/2018 6:29 7:09 ER SD 
V39-VL Fallow-derived vanilla  12/10/2017 5:34 6:14 DAM RA 13/11/2018 6:42 7:22 ER SD 
V39-VM Fallow-derived vanilla  12/10/2017 6:49 7:29 DAM RA 22/11/2018 4:51 5:31 ER SD 
V39-WF Woody fallow  13/10/2017 6:27 7:07 DAM RA 23/11/2018 4:50 5:30 ER SD 
V40-FF Forest fragment  13/11/2017 5:13 5:53 DAM RA 23/08/2018 7:07 7:47 ER DAM 
V40-HF Herbaceous fallow  14/11/2017 6:40 7:20 DAM RA 21/08/2018 5:48 6:28 ER DAM 
V40-RP Rice paddy  14/11/2017 4:55 5:35 DAM RA 21/08/2018 7:34 8:14 ER DAM 
V40-VH Forest-derived vanilla  13/11/2017 6:59 7:39 DAM RA 23/08/2018 5:39 6:19 ER DAM 
V40-VL Fallow-derived vanilla  16/11/2017 6:25 7:05 DAM RA 24/08/2018 5:45 6:25 ER DAM 
V40-VM Forest-derived vanilla  15/11/2017 5:00 5:40 DAM RA 22/08/2018 7:26 8:06 ER DAM 
V40-WF Woody fallow  15/11/2017 6:32 7:12 DAM RA 22/08/2018 5:45 6:25 ER DAM 
V45-FF Forest fragment  22/11/2017 5:10 5:50 DAM RA 20/09/2018 6:42 7:22 ER DAM 
V45-HF Herbaceous fallow  21/11/2017 4:50 5:30 DAM RA 21/09/2018 7:20 8:00 ER DAM 
V45-RP Rice paddy  22/11/2017 7:02 7:42 DAM RA 20/09/2018 5:18 5:58 ER DAM 
V45-VH Forest-derived vanilla  20/11/2017 5:40 6:20 DAM RA 18/09/2018 7:18 7:58 ER DAM 
V45-VL Fallow-derived vanilla  23/11/2017 4:58 5:38 DAM RA 22/09/2018 6:20 7:00 ER DAM 
V45-VM Fallow-derived vanilla  20/11/2017 6:57 7:37 DAM RA 18/09/2018 5:20 6:00 ER DAM 
V45-WF Woody fallow  21/11/2017 6:37 7:17 DAM RA 21/09/2018 5:15 5:55 ER DAM 
V47-FF Forest fragment  27/11/2017 5:09 5:49 DAM RA 09/10/2018 6:44 7:24 ER SD 
V47-HF Herbaceous fallow  28/11/2017 6:49 7:29 DAM RA 11/10/2018 5:03 5:43 ER SD 
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V47-RP Rice paddy  30/11/2017 4:50 5:30 DAM RA 12/10/2018 6:03 6:43 ER SD 
V47-VH Fallow-derived vanilla  27/11/2017 6:15 6:55 DAM RA 09/10/2018 5:04 5:44 ER SD 
V47-VL Fallow-derived vanilla  29/11/2017 6:00 6:40 DAM RA 10/10/2018 5:00 5:40 ER SD 
V47-VM Fallow-derived vanilla  29/11/2017 4:50 5:30 DAM RA 11/10/2018 6:07 6:47 ER SD 
V47-WF Woody fallow  28/11/2017 4:53 5:33 DAM RA 10/10/2018 6:13 6:53 ER SD 
V7-FF Forest fragment  05/12/2017 4:45 5:25 DAM RA 13/09/2018 7:11 7:51 ER DAM 
V7-HF Herbaceous fallow  06/12/2017 6:00 6:40 DAM RA 11/09/2018 5:26 6:06 ER DAM 
V7-RP Rice paddy  05/12/2017 6:30 7:10 DAM RA 13/09/2018 5:17 5:57 ER DAM 
V7-VH Fallow-derived vanilla  04/12/2017 5:42 6:22 DAM RA 12/09/2018 6:55 7:35 ER DAM 
V7-VL Fallow-derived vanilla  04/12/2017 7:15 7:55 DAM RA 12/09/2018 5:19 5:59 ER DAM 
V7-VM Fallow-derived vanilla  07/12/2017 6:00 6:40 DAM RA 14/09/2018 5:17 5:57 ER DAM 
V7-WF Woody fallow  06/12/2017 4:45 5:25 DAM RA 11/09/2018 6:58 7:38 ER DAM 
V8-FF Forest fragment  27/10/2017 5:36 6:16 DAM RA 05/10/2018 6:16 6:56 ER SD 
V8-HF Herbaceous fallow  26/10/2017 6:30 7:10 DAM RA 04/10/2018 5:13 5:53 ER SD 
V8-RP Rice paddy  24/10/2017 5:13 5:53 DAM RA 03/10/2018 6:33 7:13 ER DAM 
V8-VH Fallow-derived vanilla  25/10/2017 5:00 5:40 DAM RA 02/10/2018 6:55 7:35 ER DAM 
V8-VL Fallow-derived vanilla  24/10/2017 6:51 7:31 DAM RA 03/10/2018 5:13 5:53 ER SD 
V8-VM Fallow-derived vanilla  26/10/2017 5:06 5:46 DAM RA 04/10/2018 6:33 7:13 ER SD 
V8-WF Woody fallow  25/10/2017 5:59 6:39 DAM RA 02/10/2018 5:19 5:59 ER DAM 
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Table 12.3: List of species found within 25m-radius plots, IUCN status and endemism level





African Palm Swift Cypsiurus parvus LC nonendemic 
Blue Coua Coua caerulea LC subfamily 
Blue Vanga Cyanolanius madagascarinus LC nonendemic 
Broad Billed Roller Eurystomus glaucurus LC nonendemic 
Cattle Egret Bubulcus ibis LC nonendemic 
Common Jery Neomixis tenella LC genus 
Common Myna Acridotheres tristis LC nonendemic 
Common Newtonia Newtonia brunneicauda LC genus 
Crested Coua Coua cristata LC subfamily 
Crested Drongo Dicrurus forficatus LC nonendemic 
Cuckoo Roller Leptosomus discolor LC nonendemic 
Dusky Tetraka Crossleyia tenebrosa VU family 
Forest Fody Foudia omissa LC species 
Frances S Goshawk Accipiter francesiae LC nonendemic 
Green Jery Neomixis viridis LC genus 
Grey Headed Lovebird Agapornis canus LC nonendemic 
Harlequin Quail Coturnix delegorguei LC nonendemic 
Helmet Vanga Euryceros prevostii VU genus 
Helmeted Guineafowl Numida meleagris LC nonendemic 
Hook Billed Vanga Vanga curvirostris LC genus 
Long Billed Bernieria Bernieria madagascariensis LC family 
Madagascan Blue Pigeon Alectroenas madagascariensis LC species 
Madagascan Buzzard Buteo brachypterus LC species 
Madagascan Cisticola Cisticola cherina LC nonendemic 
Madagascan Green Pigeon Treron australis LC species 
Madagascan Sparrowhawk Accipiter madagascariensis NT species 
Madagascan Starling Hartlaubius auratus LC genus 
Madagascar Bee Eater Merops superciliosus LC nonendemic 
Madagascar Brush Warbler Nesillas typica LC nonendemic 
Madagascar Bulbul Hypsipetes madagascariensis LC nonendemic 
Madagascar Coucal Centropus toulou LC nonendemic 
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Madagascar Cuckoo Shrike Ceblepyris cinereus LC species 
Madagascar Flufftail Sarothrura insularis LC species 
Madagascar Kestrel Falco newtoni LC nonendemic 
Madagascar Magpie Robin Copsychus albospecularis LC species 
Madagascar Mannikin Lepidopygia nana LC genus 
Madagascar Nightjar Caprimulgus madagascariensis LC species 
Madagascar Paradise Flycatcher Terpsiphone mutata LC nonendemic 
Madagascar Rail Rallus madagascariensis VU species 
Madagascar Red Fody Foudia madagascariensis LC nonendemic 
Madagascar White Eye Zosterops maderaspatanus LC nonendemic 
Madagascar Wood Rail Mentocrex kioloides LC genus 
Malagasy Green Sunbird Cinnyris notatus LC species 
Malagasy Kingfisher Corythornis vintsioides LC nonendemic 
Malagasy Turtle Dove Nesoenas picturatus LC nonendemic 
Nelicourvi Weaver Ploceus nelicourvi LC species 
Red Breasted Coua Coua serriana LC subfamily 
Red Fronted Coua Coua reynaudii LC subfamily 
Red Tailed Vanga Calicalicus madagascariensis LC genus 
Sickle Billed Vanga Falculea palliata LC genus 
Souimanga Sunbird Cinnyris sovimanga LC nonendemic 
Striated Heron Butorides striata LC nonendemic 
Stripe Throated Jery Neomixis striatigula LC genus 
Tylas Vanga Tylas eduardi LC genus 
Vasa Parrot Sp  Coracopsis sp. LC nonendemic 
White Headed Vanga Artamella viridis LC genus 
White Throated Oxylabes Oxylabes madagascariensis LC family 
 
Table 12.4: Test-Results for comparing species richness across land-use types as displayed with
letters in in Figure 3.2 a).
Pair comparison Estimate lower upper p-value signif. 
Forest fragment - Old-growth forest -5.4 -8.611 -2.189 <0.001 *** 
Forest-derived vanilla - Old-growth forest -4.7 -7.911 -1.489 <0.001 *** 
Fallow-derived vanilla - Old-growth forest -5.95 -8.730 -3.170 <0.001 *** 
Woody fallow - Old-growth forest -5.3 -8.511 -2.089 <0.001 *** 
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Herbaceous fallow - Old-growth forest -6.7 -9.911 -3.489 <0.001 *** 
Rice paddy - Old-growth forest -9.4 -12.611 -6.189 <0.001 *** 
Forest-derived vanilla - Forest fragment 0.7 -2.511 3.911 0.994  
Fallow-derived vanilla - Forest fragment -0.55 -3.330 2.230 0.997  
Woody fallow - Forest fragment 0.1 -3.111 3.311 1.000  
Herbaceous fallow - Forest fragment -1.3 -4.511 1.911 0.881  
Rice paddy - Forest fragment -4 -7.211 -0.789 0.006 ** 
Fallow-derived vanilla - Forest-derived vanilla -1.25 -4.030 1.530 0.819  
Woody fallow - Forest-derived vanilla -0.6 -3.811 2.611 0.998  
Herbaceous fallow - Forest-derived vanilla -2 -5.211 1.211 0.494  
Rice paddy - Forest-derived vanilla -4.7 -7.911 -1.489 <0.001 *** 
Woody fallow - Fallow-derived vanilla 0.65 -2.130 3.430 0.992  
Herbaceous fallow - Fallow-derived vanilla -0.75 -3.530 2.030 0.982  
Rice paddy - Fallow-derived vanilla -3.45 -6.230 -0.670 0.006 ** 
Herbaceous fallow - Woody fallow -1.4 -4.611 1.811 0.839  
Rice paddy - Woody fallow -4.1 -7.311 -0.889 0.004 ** 
Rice paddy - Herbaceous fallow -2.7 -5.911 0.511 0.157  
      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
      
Based on Tukey Honest Significance Test 
 
Table 12.5: Test-Results for comparing endemic species richness across land-use types as displayed 
with letters in Figure 3.2 b).
Pair comparison Estimate Std. Error t value p-adjusted signif 
Forest fragment - Old-growth forest -5.4 1.118 -4.832 <0.001 *** 
Forest-derived vanilla - Old-growth forest -5.1 1.046 -4.875 <0.001 *** 
Fallow-derived vanilla - Old-growth forest -6.55 0.990 -6.616 <0.001 *** 
Woody fallow - Old-growth forest -6.4 1.013 -6.316 <0.001 *** 
Herbaceous fallow - Old-growth forest -6.6 1.011 -6.528 <0.001 *** 
Rice paddy - Old-growth forest -7.2 0.966 -7.453 <0.001 *** 
Forest-derived vanilla - Forest fragment 0.3 0.716 0.419 0.999  
Fallow-derived vanilla - Forest fragment -1.15 0.631 -1.823 0.498  
Woody fallow - Forest fragment -1 0.667 -1.5 0.712  
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Herbaceous fallow - Forest fragment -1.2 0.663 -1.809 0.508  
Rice paddy - Forest fragment -1.8 0.593 -3.038 0.041 * 
Fallow-derived vanilla - Forest-derived vanilla -1.45 0.493 -2.938 0.054 . 
Woody fallow - Forest-derived vanilla -1.3 0.539 -2.414 0.182  
Herbaceous fallow - Forest-derived vanilla -1.5 0.534 -2.807 0.075 . 
Rice paddy - Forest-derived vanilla -2.1 0.444 -4.735 <0.001 *** 
Woody fallow - Fallow-derived vanilla 0.15 0.419 0.358 1.000  
Herbaceous fallow - Fallow-derived vanilla -0.05 0.414 -0.121 1.000  
Rice paddy - Fallow-derived vanilla -0.65 0.287 -2.265 0.244  
Herbaceous fallow - Woody fallow -0.2 0.467 -0.429 0.999  
Rice paddy - Woody fallow -0.8 0.359 -2.228 0.262  
Rice paddy - Herbaceous fallow -0.6 0.353 -1.701 0.580  
      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
      
Based on weighted regression with Bonferroni correction 
 
Table 12.6: Test-Results for comparing species composition across land-use types using the pair-
wise.adonis function.
Pair comparison Sums of 
Squares 
F-Model R2 p-adjusted sig-
nif 
Old-growth forest - Forest fragment 0.59 4.63 0.20 0.02 * 
Old-growth forest - Herbaceous fallow 1.78 14.78 0.45 0.02 * 
Old-growth forest - Rice paddy 3.34 17.22 0.49 0.02 * 
Old-growth forest - Forest-derived vanilla 0.53 4.21 0.19 0.02 * 
Old-growth forest - Fallow-derived vanilla 1.66 20.98 0.43 0.02 * 
Old-growth forest - Woody fallow 1.32 11.76 0.40 0.02 * 
Forest fragment - Herbaceous fallow 0.64 4.75 0.21 0.02 * 
Forest fragment - Rice paddy 1.45 6.94 0.28 0.02 * 
Forest fragment - Forest-derived vanilla 0.01 0.10 0.01 1.00  
Forest fragment - Fallow-derived vanilla 0.26 2.92 0.09 0.10 . 
Forest fragment - Woody fallow 0.28 2.22 0.11 1.00  
Herbaceous fallow - Rice paddy 0.38 1.87 0.09 1.00  
Herbaceous fallow - Forest-derived vanilla 0.66 4.94 0.22 0.02 * 
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Herbaceous fallow - Fallow-derived vanilla 0.49 5.86 0.17 0.02 * 
Herbaceous fallow - Woody fallow 0.40 3.41 0.16 0.06 . 
Rice paddy - Forest-derived vanilla 1.58 7.61 0.30 0.04 * 
Rice paddy - Fallow-derived vanilla 1.29 9.80 0.26 0.02 * 
Rice paddy - Woody fallow 0.95 4.91 0.21 0.04 * 
Forest-derived vanilla - Fallow-derived vanilla 0.24 2.79 0.09 0.15  
Forest-derived vanilla - Woody fallow 0.28 2.23 0.11 0.86  
Fallow-derived vanilla - Woody fallow 0.18 2.24 0.07 0.80  
      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
      




12.4 SI Chapter 4
Supporting information for:
Dröge, S., Martin, D. A., Andriafanomezantsoa, R., Burivalova, Z., Fulgence, T. R., Osen, K., 
Rakotomalala, E., Schwab, D., Wurz, A., Richter, T., & Kreft, H. (2021). Listening to a changing 
landscape: Acoustic indices reflect bird species richness and site-scale vegetation structure 
in the biodiversity hotspot of north-eastern Madagascar. Ecological Indicators, 120, 106929. 
10.1016/j.ecolind.2020.106929.
The supporting information for Chapter 4 is also available at: https://ars.els-cdn.com/con-
tent/image/1-s2.0-S1470160X20308682-mmc1.pdf.
The data supporting Chapter 4 is available on Mendeley Data: 
https://doi.org/10.17632/fxxnwtmynv.1.
12.4.1 Sound recorder characteristics
We used self-built SOLO audio recorders (Whytock & Christie, 2017) with two omni-direc-
tional microphones including a sound-penetrable vent and microphone windshields for 
weather protection, a Raspberry Pi A+ model, a PiFace Real Time Clock module and a Cirrus 
Logic Audio Card (Figure 12.4). We used 128 GB microSD-cards for data storage and the 
SOLO recorder software ‘SOSI’ (http://solo-system.github.io/home.html). Power was 
provided by a 16750 mAh USB battery pack. See Table 12.8 for specifications of all compo-
nents. Component costs per recorder were ~320 €. We built eight recorders to sample 
all seven plots within one village respectively old-growth forest site simultaneously while 
having one recorder spare. We assigned recorders to plots by randomly setting up a deploy-
ment schedule to avoid possible biases due to differences between recorders in e.g. de-
tection ranges. We recorded in CD-quality (44.1 kHz/16 bit) with sound files stored in 
segments of 10 minutes in .wav-format. To archive the sound data after recorder collec-
tion in the field, we transferred the sound files to an external hard disk. We used the soft-
ware and the real time clock module of the recorders to assign each sound file a unique 
name referring to plot site, the recorder used (colour coding) as well as date and time 
(exp.: audio-solo_red_V24-FF-2017-11-09_13-00-13.wav).
12.4.2 Literature cited
Whytock, R.C. & Christie, J. (2017) Solo: an open source, customizable and inexpensive audio 





Figure 12.4: Self-built SOLO audio recorders used for sound recordings. a) Closed recorder with two 
omni-directional microphones including windshield foams and labelling in local Malagasy language 
to explain research method. b) Opened recorder showing its configuration based on a Raspberry Pi 
A+ model, Cirrus Logic audio card, PiFace Real Time Clock Module and a standard USB battery pack.
12.4.4 Tables
Table 12.7: Computational settings of the multiple_sounds function of the package soundecology we 
used to calculate the Acoustic Complexity Index (ACI), the Acoustic Diversity Index (ADI), the Acous-
tic Evenness Index (AEI) and the Acoustic Entropy (H) in R. Colours indicate if the setting was a de-
fault setting or if the value was adjusted. If available, we used an adjusted minimum frequency to 
exclude low-pitched background noise and an adjusted maximum frequency to limit the computation 
time on our personal computer. If not specified, the full frequency range of the recording (0 – 22.1 
kHz) is analysed (default). We set the dB threshold available for the functions ADI and AEI to a higher 
value (default -50) to exclude background noise.
Acoustic index min_freq max_freq j fft_w db_threshold freq_steps 
ACI 200 12000 5 512   
ADI  12000   -40 1000 
AEI  12000   -40 1000 
H    512   
       
   Default setting 
   Adjusted setting 
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Table 12.8: List of all components used for the self-built SOLO audio recorders.




Primo EM172 capsule 
Signal-to-Noise Ratio (SNR) of 80 
dB at 1 kHz 
Microphone vent 
Gore Acoustic Vent 
GAW112 
To avoid water enter-
ing microphone 
Attached over Primo capsule 
within Rugged Mount EM172 
Windshield Monacor WS-40   
Computer Raspberry Pi A+   
Clock 




Cirrus Logic Audio 
Card 
 
This product is not produced any-
more 
Memory card 
SanDisk Ultra Android 
microSDXC 
128 GB capacity  
Card Extender 
Micro SD Card Exten-
sion Cable 
Generic 






Fixed to lid of box using double 
sided tape 
USB cable USB cable Generic 






Capsule for computer, clock and 
audio card 
Box 









and avoids humidity 
Built into front wall of box 
Lock Oria TSA007 YiF Number lock  
Software 
SOSI (Solo Operating 








Table 12.9: Plot variables. Land-use types (LUT): OGF: Old-growth Forest, FF: Forest Fragment, HF: 
Herbaceous Fallow, RP: Rice Paddy, VFST: Forest-derived Vanilla Agroforests, VFLW: Fallow-derived 
Vanilla Agroforests, WF: Woody Fallow.










V13 Ambodivohitra FF V13-FF 609 0.17 7.59 0.62 
V2 Ambavala FF V2-FF 81 0.36 24.86 0.66 
V24 Andrakata FF V24-FF 557 0.57 18.53 0.43 
V25 Andramanolotra FF V25-FF 54 0.94 20.56 0.62 
V39 Antsahanoro FF V39-FF 76 0.22 26.62 0.65 
V40 Antsikory FF V40-FF 57 0.58 22.51 0.66 
V45 Belambo FF V45-FF 258 0.02 8.52 0.63 
V47 Bemanevika FF V47-FF 83 0.10 27.02 0.58 
V7 Ambinanifaho FF V7-FF 33 0.00 13.56 0.65 
V8 Ambodiala FF V8-FF 131 0.00 10.76 0.64 
V13 Ambodivohitra HF V13-HF 536 0.00 0.00 0.32 
V2 Ambavala HF V2-HF 91 0.50 0.00 0.44 
V24 Andrakata HF V24-HF 518 0.26 0.00 0.54 
V25 Andramanolotra HF V25-HF 10 0.00 0.00 0.20 
V39 Antsahanoro HF V39-HF 45 0.00 0.00 0.45 
V40 Antsikory HF V40-HF 37 0.00 0.00 0.65 
V45 Belambo HF V45-HF 263 0.00 0.00 0.60 
V47 Bemanevika HF V47-HF 61 0.00 0.00 0.02 
V7 Ambinanifaho HF V7-HF 20 0.04 0.00 0.30 
V8 Ambodiala HF V8-HF 18 0.00 0.00 0.32 
ME Marojejy East OGF ME-PF1 292 0.86 34.50 0.60 
ME Marojejy East OGF ME-PF2 241 0.66 22.69 0.53 
ME Marojejy East OGF ME-PF3 344 0.95 59.36 0.61 
ME Marojejy East OGF ME-PF4 307 1.00 31.60 0.60 
ME Marojejy East OGF ME-PF5 292 1.00 25.05 0.62 
MT Marojejy Tourist OGF MT-PF1 454 0.48 61.09 0.62 
MT Marojejy Tourist OGF MT-PF2 348 0.79 37.57 0.65 
MT Marojejy Tourist OGF MT-PF3 580 0.99 76.68 0.55 
MT Marojejy Tourist OGF MT-PF4 632 0.92 55.51 0.67 
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MT Marojejy Tourist OGF MT-PF5 701 0.91 43.37 0.52 
V13 Ambodivohitra RP V13-RP 488 0.00 0.00 0.03 
V2 Ambavala RP V2-RP 19 0.00 0.00 0.02 
V24 Andrakata RP V24-RP 351 0.29 0.00 0.03 
V25 Andramanolotra RP V25-RP 7 0.00 0.00 0.08 
V39 Antsahanoro RP V39-RP 18 0.00 0.00 0.18 
V40 Antsikory RP V40-RP 42 0.00 0.00 0.03 
V45 Belambo RP V45-RP 103 0.00 0.00 0.15 
V47 Bemanevika RP V47-RP 47 0.00 0.00 0.03 
V7 Ambinanifaho RP V7-RP 15 0.00 0.00 0.02 
V8 Ambodiala RP V8-RP 45 0.00 0.00 0.06 
V13 Ambodivohitra VFLW V13-VL 644 0.42 2.00 0.45 
V13 Ambodivohitra VFLW V13-VM 506 0.15 6.07 0.49 
V2 Ambavala VFLW V2-VL 69 0.05 3.97 0.18 
V24 Ambavala VFLW V24-VM 303 0.21 12.46 0.35 
V25 Andrakata VFLW V25-VM 24 0.45 23.84 0.27 
V39 Antsahanoro VFLW V39-VL 29 0.00 2.29 0.13 
V39 Antsahanoro VFLW V39-VM 38 0.00 17.55 0.32 
V40 Antsikory VFLW V40-VL 46 0.28 7.69 0.45 
V45 Belambo VFLW V45-VL 214 0.06 5.36 0.35 
V45 Belambo VFLW V45-VM 227 0.11 10.96 0.42 
V47 Bemanevika VFLW V47-VH 69 0.03 7.02 0.50 
V47 Bemanevika VFLW V47-VL 68 0.00 0.60 0.22 
V47 Bemanevika VFLW V47-VM 56 0.00 17.30 0.47 
V7 Ambinanifaho VFLW V7-VH 107 0.00 23.81 0.40 
V7 Ambinanifaho VFLW V7-VL 56 0.21 7.40 0.33 
V7 Ambinanifaho VFLW V7-VM 25 0.00 5.18 0.21 
V8 Ambodiala VFLW V8-VH 50 0.11 10.31 0.29 
V8 Ambodiala VFLW V8-VL 43 0.08 11.70 0.39 
V8 Ambodiala VFLW V8-VM 37 0.00 15.42 0.31 
V13 Ambodivohitra VFST V13-VH 819 0.86 17.56 0.45 
V2 Ambavala VFST V2-VH 75 0.41 25.06 0.33 
V24 Andrakata VFST V24-VH 352 0.21 18.23 0.35 
V25 Andramanolotra VFST V25-VH 30 0.64 18.51 0.41 
V25 Andramanolotra VFST V25-VL 20 0.11 15.08 0.44 
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V39 Antsahanoro VFST V39-VH 155 0.67 9.89 0.56 
V40 Antsikory VFST V40-VH 65 0.70 24.53 0.62 
V40 Antsikory VFST V40-VM 87 0.27 18.62 0.46 
V45 Belambo VFST V45-VH 250 0.00 10.57 0.40 
V13 Ambodivohitra WF V13-WF 520 0.00 1.69 0.60 
V2 Ambavala WF V2-WF 31 0.00 1.84 0.58 
V24 Andrakata WF V24-WF 441 0.18 1.46 0.68 
V25 Andramanolotra WF V25-WF 58 0.78 5.10 0.50 
V39 Antsahanoro WF V39-WF 37 0.00 3.56 0.55 
V40 Antsikory WF V40-WF 73 0.46 0.57 0.52 
V45 Belambo WF V45-WF 181 0.00 1.15 0.60 
V47 Bemanevika WF V47-WF 90 0.00 4.12 0.58 
V7 Ambinanifaho WF V7-WF 25 0.00 7.03 0.47 
V8 Ambodiala WF V8-WF 40 0.00 3.32 0.52 
V13 Ambodivohitra VFLW V13-VL 644 0.42 2.00 0.45 
V13 Ambodivohitra VFLW V13-VM 506 0.15 6.07 0.49 
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Table 12.10: Date and time of bird point counts and sound recordings during 2018 data collection in the predominant land-use types and for 2018 second data 
collection in primary forest in the SAVA region in north-eastern Madagascar. Land-use types (LUT): OGF: Old-growth Forest, FF: Forest Fragment, HF: Herba-
ceous Fallow, RP: Rice Paddy, V-FST: Forest-derived Vanilla Agroforests, V-FLW: Fallow-derived Vanilla Agroforests, WF: Woody Fallow. Observers: ER: Eric 
Rakotomalala, DAM: Dominic Andreas Martin, RA: Rouvah Andriafanomezantsoa, SD: Saskia Dröge. Date AI analysis: Date chosen for acoustic index analysis.
Vil-
lage  






















ME OGF 2018-12-04 08:55:00 2018-12-07 08:11:00 2018-12-05 2018-12-06 05:51:00 06:31:00 ER SD 
ME OGF 2018-12-04 06:10:00 2018-12-07 08:10:00 2018-12-05 2018-12-04 06:15:00 06:55:00 ER SD 
ME OGF 2018-12-04 05:46:00 2018-12-07 07:36:00 2018-12-05 2018-12-04 04:53:00 05:33:00 ER SD 
ME OGF 2018-12-03 15:16:00 2018-12-06 14:35:00 2018-12-04 2018-12-05 04:59:00 05:39:00 ER SD 
ME OGF 2018-12-03 15:56:00 2018-12-06 15:12:00 2018-12-04 2018-12-05 06:12:00 06:52:00 ER SD 
MT OGF 2018-11-26 16:10:00 2018-11-30 10:39:00 2018-11-29 2018-11-28 06:17:00 06:57:00 ER SD 
MT OGF 2018-11-26 15:31:00 2018-11-30 12:18:00 2018-11-29 2018-11-28 04:50:00 05:30:00 ER SD 
MT OGF 2018-11-27 10:34:00 2018-11-30 08:10:00 2018-11-28 2018-11-29 05:50:00 06:30:00 ER SD 
MT OGF 2018-11-27 04:50:00 2018-11-30 09:36:00 2018-11-28 2018-11-27 04:57:00 05:37:00 ER SD 
MT OGF 2018-11-27 06:05:00 2018-11-30 09:24:00 2018-11-28 2018-11-27 06:10:00 06:50:00 ER SD 
V13 FF 2018-10-30 14:15:00 2018-11-02 07:32:00 2018-10-31 2018-11-01 04:53:00 05:33:00 ER SD 
V13 HF 2018-10-30 14:19:00 2018-11-02 08:02:00 2018-10-31 2018-11-01 06:15:00 06:55:00 ER SD 
V13 RP 2018-10-29 19:56:00 2018-11-02 08:13:00 2018-10-31 2018-10-30 06:25:00 07:05:00 ER SD 
V13 VFST 2018-10-30 08:46:00 2018-11-02 09:02:00 2018-11-01 2018-10-31 04:52:00 05:32:00 ER SD 
V13 VFLW 2018-10-30 08:44:00 2018-11-02 08:50:00 2018-11-01 2018-10-31 07:04:00 07:44:00 ER SD 
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V13 VFLW 2018-10-29 19:59:00 2018-11-02 07:53:00 2018-10-31 2018-10-30 04:56:00 05:36:00 ER SD 
V13 WF 2018-10-29 07:39:00 2018-11-02 06:07:00 2018-10-31 2018-11-02 04:54:00 05:34:00 ER SD 
V24 FF 2018-11-06 11:46:00 2018-11-09 06:24:00 2018-11-08 2018-11-09 04:57:00 05:37:00 ER SD 
V24 HF 2018-11-05 14:54:00 2018-11-08 18:45:00 2018-11-07 2018-11-08 04:56:00 05:36:00 ER SD 
V24 RP 2018-11-06 04:55:00 2018-11-09 08:18:00 2018-11-08 2018-11-06 05:00:00 05:40:00 ER SD 
V24 VFST 2018-11-06 10:20:00 2018-11-09 07:28:00 2018-11-08 2018-11-07 04:51:00 05:31:00 ER SD 
V24 VFLW 2018-11-05 15:18:00 2018-11-08 19:45:00 2018-11-07 2018-11-08 06:01:00 06:41:00 ER SD 
V24 VFLW 2018-11-06 06:41:00 2018-11-09 10:19:00 2018-11-08 2018-11-06 06:54:00 07:34:00 ER SD 
V24 WF 2018-11-06 11:04:00 2018-11-09 06:52:00 2018-11-08 2018-11-07 06:30:00 07:10:00 ER SD 
V25 FF 2018-11-19 16:16:00 2018-11-22 18:15:00 2018-11-21 2018-10-24 05:01:00 05:41:00 ER SD 
V25 HF 2018-11-20 07:48:00 2018-11-23 11:35:00 2018-11-21 2018-10-23 06:35:00 07:15:00 ER SD 
V25 RP 2018-10-22 05:04:00 2018-10-25 07:50:00 2018-10-23 2018-10-22 05:08:00 05:48:00 ER SD 
V25 VFST 2018-10-22 10:14:00 2018-10-25 05:45:00 2018-10-23 2018-10-25 04:57:00 05:37:00 ER SD 
V25 VFST 2018-10-22 06:48:00 2018-10-25 06:32:00 2018-10-24 2018-10-22 06:50:00 07:30:00 ER SD 
V25 VFST 2018-10-22 08:18:00 2018-10-25 06:09:00 2018-10-24 2018-10-23 05:01:00 05:41:00 ER SD 
V25 WF 2018-11-19 15:19:00 2018-11-22 12:14:00 2018-11-21 2018-10-24 06:22:00 07:02:00 ER SD 
V2 FF 2018-10-16 05:30:00 2018-10-19 07:03:00 2018-10-18 2018-10-16 05:32:00 06:12:00 ER SD 
V2 HF 2018-11-18 10:51:00 2018-11-23 14:19:00 2018-11-21 2018-10-17 06:16:00 06:56:00 ER SD 
V2 RP 2018-10-16 15:19:00 2018-10-19 07:56:00 2018-10-17 2018-10-18 05:19:00 05:59:00 ER SD 
V2 VFST 2018-10-16 07:05:00 2018-10-19 07:04:00 2018-10-18 2018-10-16 07:09:00 07:49:00 ER SD 
V2 VFLW 2018-10-16 10:08:00 2018-10-19 08:30:00 2018-10-18 2018-10-17 04:57:00 05:37:00 ER SD 
V2 VFLW 2018-10-16 08:34:00 2018-10-19 06:47:00 2018-10-18 2018-10-19 06:00:00 06:40:00 ER SD 
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V2 WF 2018-10-15 21:12:00 2018-10-19 07:48:00 2018-10-17 2018-10-18 06:41:00 07:21:00 ER SD 
V39 FF 2018-11-13 15:29:00 2018-11-16 05:36:00 2018-11-14 2018-11-16 04:50:00 05:30:00 ER SD 
V39 HF 2018-11-13 12:00:00 2018-11-16 08:30:00 2018-11-14 2018-11-23 05:53:00 06:33:00 ER SD 
V39 RP 2018-11-13 10:16:00 2018-11-16 07:38:00 2018-11-15 2018-11-16 06:52:00 07:32:00 ER SD 
V39 VFST 2018-11-13 16:38:00 2018-11-16 08:24:00 2018-11-15 2018-11-22 06:29:00 07:09:00 ER SD 
V39 VFLW 2018-11-13 06:35:00 2018-11-16 08:26:00 2018-11-14 2018-11-13 06:42:00 07:22:00 ER SD 
V39 VFLW 2018-11-13 04:55:00 2018-11-16 08:05:00 2018-11-14 2018-11-22 04:51:00 05:31:00 ER SD 
V39 WF 2018-11-13 12:47:00 2018-11-16 08:38:00 2018-11-14 2018-11-23 04:50:00 05:30:00 ER SD 
V40 FF 2018-08-21 15:49:00 2018-08-24 09:13:00 2018-08-22 2018-08-23 07:07:00 07:47:00 ER DAM 
V40 HF 2018-08-21 05:43:00 2018-08-23 10:28:00 2018-08-22 2018-08-21 05:48:00 06:28:00 ER DAM 
V40 RP 2018-08-21 08:20:00 2018-08-24 09:42:00 2018-08-23 2018-08-21 07:34:00 08:14:00 ER DAM 
V40 VFST 2018-08-21 14:43:00 2018-08-24 08:25:00 2018-08-22 2018-08-23 05:39:00 06:19:00 ER DAM 
V40 VFLW 2018-08-21 16:58:00 2018-08-24 07:06:00 2018-08-23 2018-08-24 05:45:00 06:25:00 ER DAM 
V40 VFST 2018-08-21 14:07:00 2018-08-24 08:48:00 2018-08-23 2018-08-22 07:26:00 08:06:00 ER DAM 
V40 WF 2018-08-21 17:14:00 2018-08-24 08:15:00 2018-08-23 2018-08-22 05:45:00 06:25:00 ER DAM 
V45 FF 2018-09-17 14:36:00 2018-09-20 07:30:00 2018-09-18 2018-09-20 06:42:00 07:22:00 ER DAM 
V45 HF 2018-09-18 10:46:00 2018-09-21 08:02:00 2018-09-20 2018-09-21 07:20:00 08:00:00 ER DAM 
V45 RP 2018-09-17 13:39:00 2018-09-20 09:08:00 2018-09-18 2018-09-20 05:18:00 05:58:00 ER DAM 
V45 VFST 2018-09-18 07:13:00 2018-09-21 11:06:00 2018-09-19 2018-09-18 07:18:00 07:58:00 ER DAM 
V45 VFLW 2018-09-18 14:40:00 2018-09-22 07:04:00 2018-09-21 2018-09-22 06:20:00 07:00:00 ER DAM 
V45 VFLW 2018-09-21 10:41:00 2018-09-25 16:16:00 2018-09-24 2018-09-18 05:20:00 06:00:00 ER DAM 
V45 WF 2018-09-18 16:55:00 2018-09-21 06:00:00 2018-09-20 2018-09-21 05:15:00 05:55:00 ER DAM 
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V47 FF 2018-10-18 11:40:00 2018-10-25 07:20:00 2018-10-19 2018-10-09 06:44:00 07:24:00 ER SD 
V47 HF 2018-10-09 08:12:00 2018-10-12 07:07:00 2018-10-10 2018-10-11 05:03:00 05:43:00 ER SD 
V47 RP 2018-10-09 14:12:00 2018-10-12 06:50:00 2018-10-10 2018-10-12 06:03:00 06:43:00 ER SD 
V47 VFLW 2018-10-09 04:57:00 2018-10-12 07:32:00 2018-10-11 2018-10-09 05:04:00 05:44:00 ER SD 
V47 VFLW 2018-10-09 10:24:00 2018-10-12 07:30:00 2018-10-11 2018-10-10 05:00:00 05:40:00 ER SD 
V47 VFLW 2018-10-09 11:07:00 2018-10-12 07:16:00 2018-10-10 2018-10-11 06:07:00 06:47:00 ER SD 
V47 WF 2018-10-09 09:16:00 2018-10-12 07:34:00 2018-10-11 2018-10-10 06:13:00 06:53:00 ER SD 
V7 FF 2018-09-11 10:04:00 2018-09-13 08:03:00 2018-09-12 2018-09-13 07:11:00 07:51:00 ER DAM 
V7 HF 2018-09-11 05:20:00 2018-09-14 08:37:00 2018-09-12 2018-09-11 05:26:00 06:06:00 ER DAM 
V7 RP 2018-09-11 16:45:00 2018-09-14 09:50:00 2018-09-12 2018-09-13 05:17:00 05:57:00 ER DAM 
V7 VFLW 2018-09-11 15:30:00 2018-09-14 09:08:00 2018-09-13 2018-09-12 06:55:00 07:35:00 ER DAM 
V7 VFLW 2018-09-11 13:55:00 2018-09-14 09:53:00 2018-09-13 2018-09-12 05:19:00 05:59:00 ER DAM 
V7 VFLW 2018-09-11 11:51:00 2018-09-14 06:12:00 2018-09-12 2018-09-14 05:17:00 05:57:00 ER DAM 
V7 WF 2018-09-11 06:55:00 2018-09-14 08:56:00 2018-09-12 2018-09-11 06:58:00 07:38:00 ER DAM 
V8 FF 2018-10-02 15:45:00 2018-10-05 07:27:00 2018-10-03 2018-10-05 06:16:00 06:56:00 ER SD 
V8 HF 2018-10-02 14:46:00 2018-10-05 08:24:00 2018-10-03 2018-10-04 05:13:00 05:53:00 ER SD 
V8 RP 2018-10-02 10:48:00 2018-10-05 08:23:00 2018-10-04 2018-10-03 06:33:00 07:13:00 ER DAM 
V8 VFLW 2018-10-05 09:07:00 2018-10-10 09:25:00 2018-10-07 2018-10-02 06:55:00 07:35:00 ER DAM 
V8 VFLW 2018-10-02 09:51:00 2018-10-05 08:43:00 2018-10-04 2018-10-03 05:13:00 05:53:00 ER SD 
V8 VFLW 2018-10-02 15:35:00 2018-10-05 08:20:00 2018-10-03 2018-10-04 06:33:00 07:13:00 ER SD 
V8 WF 2018-10-02 05:09:00 2018-10-05 08:10:00 2018-10-04 2018-10-02 05:19:00 05:59:00 ER DAM 
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Table 12.11: Results of the Shapiro-Wilk test and the Kruskal-Wallis test for assessing distribution patterns of the Acoustic Complexity Index (ACI), the in-
verted Acoustic Evenness Index (1-AEI) and the Acoustic Entropy (H) during the different time intervals (24 hrs; night-time, dawn chorus; daytime) and dif-
ferences in index values between land-use types. Significant differences marked with stars according to following levels: * p < 0.05, ** p < 0.01, *** p < 0. 001. 
Significant differences between land-use types can be found for all four acoustic indices and during all four different time intervals.
 
Index Shapiro-Wilk test Kruskal-Wallis test 
 








ACI 0.9156 0.0001 38.9504 6 0.0000 *** 
ADI 0.8808 0.0000 28.5389 6 0.0001 *** 
1-AEI 0.9912 0.8655 28.3959 6 0.0001 *** 








 ACI 0.8992 0.0000 28.9569 6 0.0001 *** 
ADI 0.8705 0.0000 17.0204 6 0.0092 ** 
1-AEI 0.9815 0.3004 17.6866 6 0.0071 ** 









s ACI 0.9631 0.0208 38.2999 6 0.0000 *** 
ADI 0.9185 0.0001 15.5444 6 0.0164 * 
1-AEI 0.9774 0.1684 15.8488 6 0.0146 * 








ACI 0.9426 0.0013 39.1429 6 0.0000 *** 
ADI 0.9235 0.0001 52.2614 6 0.0000 *** 
1-AEI 0.9615 0.0166 52.6355 6 0.0000 *** 
H 0.8739 0.0000 48.3719 6 0.0000 *** 
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Table 12.12: Differences between land-use types for the Acoustic Complexity Index (ACI), the inverted Acoustic Evenness Index (1-AEI) and the Acoustic 
Entropy (H) during the 24-hour-time-interval and night-time. Results (p-values) of the pairwise Wilcoxon rank sum test including Bonferroni correction for 
multiple testing performed in R. Grey colour mark significant differences (p < 0.05) between land-use types. Land-use types: OGF: Old-growth Forest, FF: Forest 
Fragment, HF: Herbaceous Fallow, RP: Rice Paddy, VFST: Forest-derived Vanilla Agroforests, VFLW: Fallow-derived Vanilla Agroforests, WF: Woody Fallow.
  
24-Hour Night-time 




FF 1.0000      1.0000      
VFST 1.0000 1.0000     1.0000 1.0000     
VFLW 0.0341 0.2327 1.0000    1.0000 1.0000 1.0000    
WF 0.0027 0.0316 1.0000 1.0000   0.0605 0.0605 0.9084 1.0000   
HF 0.0002 0.0002 0.0005 0.0684 0.0316  0.0005 0.0009 0.0043 0.0578 0.1091  




FF 1.0000      0.3894      
VFST 0.2414 1.0000     0.0439 1.0000     
VFLW 0.0234 1.0000 1.0000    0.1110 1.0000 1.0000    
WF 0.1091 1.0000 1.0000 1.0000   1.0000 1.0000 1.0000 1.0000   
HF 0.0027 0.0816 1.0000 1.0000 1.0000  0.0068 1.0000 1.0000 1.0000 1.0000  





FF 0.7447      0.1091      
VFST 0.1091 1.0000     0.0439 1.0000     
VFLW 0.0129 1.0000 1.0000    0.0684 1.0000 1.0000    
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WF 0.0221 1.0000 1.0000 1.0000   1.0000 1.0000 1.0000 1.0000   
HF 0.0027 0.1091 1.0000 1.0000 1.0000  0.0068 1.0000 1.0000 1.0000 1.0000  
RP 0.0027 0.0816 1.0000 1.0000 1.0000 1.0000 0.3894 1.0000 1.0000 1.0000 1.0000 1.0000 
H
 
FF 1.0000      1.0000      
VFST 1.0000 1.0000     1.0000 1.0000     
VFLW 0.9223 0.0283 1.0000    1.0000 1.0000 1.0000    
WF 1.0000 1.0000 1.0000 1.0000   1.0000 1.0000 1.0000 1.0000   
HF 0.0152 0.0005 0.0152 0.1296 0.0316  0.0068 0.0439 0.0221 0.1507 0.1875  
RP 0.0016 0.0002 0.0068 0.0068 0.0068 1.0000 0.0027 0.0102 0.0068 0.0283 0.1875 1.0000 
 
Table 12.13: Differences between land-use types for the Acoustic Complexity Index (ACI), the inverted Acoustic Evenness Index (1-AEI) and the Acoustic 
Entropy (H) during dawn chorus and daytime. Results (p-values) of the pairwise Wilcoxon rank sum test including Bonferroni correction for multiple testing 
performed in R. Grey colour mark significant differences (p < 0.05) between land-use types. Land-use types: OGF: Old-growth Forest, FF: Forest Fragment, HF: 
Herbaceous Fallow, RP: Rice Paddy, VFST: Forest-derived Vanilla Agroforests, VFLW: Fallow-derived Vanilla Agroforests, WF: Woody Fallow.
  
Dawn chorus Daytime 




FF 0.7447      1.0000           
VFST 0.0027 0.9084     0.4878 1.0000     
VFLW 0.0002 0.2019 1.0000    0.0009 0.1110 1.0000    
WF 0.0002 0.0102 1.0000 1.0000   0.0027 0.2414 1.0000 1.0000   
HF 0.0002 0.0016 0.2414 0.1296 0.4878  0.0002 0.0009 0.0605 0.0283 0.0605  
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FF 1.0000      1.0000      
VFST 1.0000 1.0000     0.1875 1.0000     
VFLW 0.1507 1.0000 1.0000    0.0001 0.0068 1.0000    
WF 0.9084 1.0000 1.0000 1.0000   0.0009 0.0316 1.0000 1.0000   
HF 0.0316 1.0000 1.0000 1.0000 1.0000  0.0005 0.0016 0.2414 0.0807 0.2414  





FF 1.0000      0.7447      
VFST 1.0000 1.0000     0.1875 1.0000     
VFLW 0.0948 1.0000 1.0000    0.0001 0.0012 0.7348    
WF 0.7447 1.0000 1.0000 1.0000   0.0016 0.0439 1.0000 1.0000   
HF 0.0316 0.9084 1.0000 1.0000 1.0000  0.0005 0.0043 0.1875 0.1747 0.2414  
RP 0.0152 0.3894 1.0000 0.4527 1.0000 1.0000 0.0002 0.0005 0.0316 0.0016 0.0027 1.0000 
H
 
FF 1.0000      1.0000      
VFST 1.0000 1.0000     1.0000 1.0000     
VFLW 0.6534 0.1507 1.0000    0.0193 0.0001 0.3062    
WF 1.0000 1.0000 1.0000 1.0000   1.0000 0.1437 1.0000 0.5129   
HF 0.0816 0.0102 0.6049 1.0000 0.6049  0.0005 0.0002 0.0027 0.0129 0.0043  




Table 12.14: Results of correlation analysis between bird species richness and the Acoustic Complexity Index (ACI), the Acoustic Diversity Index (ADI), 
the inverse Acoustic Evenness Index (1-AEI) and the Acoustic Entropy (H). Based on the lower AIC value, we used a linear or polynomial model to assess a 
correlation. The correlation is significant for all time intervals except one with a positive and stronger correlation between bird species richness, ADI, 1-AEI 
and H during daytime.







 ACI 711.64 713.57 Linear 5.58 20.16 0.05 0.06 0.0206 * 
ADI 75.59 73.81 Linear 13.77 0.38 0.14 0.16 0.0004 *** 
1-AEI -101.99 -102.22 Linear 13.42 0.12 0.14 0.16 0.0005 *** 





ACI 769.66 770.04 Linear 9.21 28.98 0.09 0.10 0.0033 ** 
ADI 67.55 68.78 Linear 7.30 0.36 0.07 0.08 0.0085 ** 
1-AEI -81.45 -80.13 Linear 11.45 0.14 0.12 0.13 0.0011 ** 









s ACI 768.54 768.38 Linear 6.10 28.78 0.06 0.06 0.0157 * 
ADI 77.22 73.81 Polynomial 6.30 0.37 0.12 0.13 0.0029 ** 
1-AEI -75.83 -76.25 Linear 3.88 0.15 0.04 0.04 0.0523  





ACI 684.34 686.34 Linear 3.76 17.11 0.07 0.07 0.0277 * 
ADI 128.37 119.18 Polynomial 25.57 0.49 0.38 0.62 0.0000 *** 
1-AEI -96.75 -99.76 Polynomial 17.74 0.13 0.30 0.42 0.0000 *** 
H -176.77 -193.08 Polynomial 26.36 0.07 0.39 0.64 0.0000 *** 
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12.5 SI Chapter 5
Supporting information for:
Fulgence, T. R., Martin, D. A., Befidimanana, E., Botra, R., Osen, K., Randriamanantena, R., 
Wurz, A., Kreft, H., Andrianarimisa, A., & Ratsoavina, F. M. (in prep.). Differential responses 
of amphibians and reptiles to land-use change in the biodiversity hotspot of north-eastern 
Madagascar.
Table 12.15: List of all 119 amphibian and reptile species with IUCN red list status and abundance 
for each land-use type. IUCN status column: NA: not available (undescribed species); NE: not evalu-
ated (described species); LC: least concern; NT: near threatened; VU: vulnerable; EN: endangered. 
Land-use types: OGF: old-growth forest; FF: forest fragment; VFST: forest-derived vanilla agroforest; 
VFLW: fallow-derived vanilla agroforest; WF: woody fallow; HF: herbaceous fallow; RP: rice paddy.



































Hyperoliidae Heterixalus Heterixalus andrakata LC 0 1 30 97 55 127 1 
Hyperoliidae Heterixalus Heterixalus carbonei LC 0 0 0 4 0 0 0 
Hyperoliidae Heterixalus Heterixalus madagascariensis LC 0 0 9 11 4 2 1 
Hyperoliidae Heterixalus Heterixalus punctatus LC 0 9 75 89 28 11 0 
Hyperoliidae Heterixalus Heterixalus sp. NA 0 1 0 0 0 0 0 




1 1 0 1 0 0 0 
Mantellidae Blommersia Blommersia sp. CaNEW NA 0 10 0 0 0 0 0 
Mantellidae Blommersia Blommersia wittei LC 0 6 7 5 1 0 0 
Mantellidae Boophis Boophis albilabris LC 0 3 1 1 0 0 0 
Mantellidae Boophis Boophis blommersae VU 1 0 0 0 0 0 0 
Mantellidae Boophis Boophis englaenderi VU 1 0 2 0 1 0 0 
Mantellidae Boophis Boophis roseipalmatus LC 18 6 0 1 0 0 0 
Mantellidae Boophis Boophis septentrionalis LC 0 0 0 1 0 0 0 
Mantellidae Boophis Boophis sp. NA 0 0 1 0 0 0 0 
Mantellidae Boophis 
Boophis sp. CaNEW aff. 
englaenderi NA 
0 0 1 0 0 0 0 
Mantellidae Boophis 
Boophis sp. CaNEW aff. rappi-
odes NA 
0 0 0 1 0 0 0 
Mantellidae Boophis Boophis sp1 NA 0 0 0 1 0 0 0 
Mantellidae Boophis Boophis sp3 NA 0 1 0 2 0 0 0 
Mantellidae Boophis Boophis tephraeomystax LC 6 125 91 175 82 75 89 
Mantellidae Gephyromantis Gephyromantis ambohitra VU 1 0 0 0 0 0 0 
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Mantellidae Gephyromantis Gephyromantis granulatus LC 1 24 2 0 0 0 0 
Mantellidae Gephyromantis Gephyromantis luteus LC 66 0 0 0 0 0 0 
Mantellidae Gephyromantis Gephyromantis pseudoasper LC 6 0 0 0 0 0 0 
Mantellidae Gephyromantis Gephyromantis redimitus LC 16 3 0 2 0 0 0 
Mantellidae Gephyromantis Gephyromantis sp.Ca17 NA 109 1 0 0 0 0 0 
Mantellidae Gephyromantis Gephyromantis striatus VU 3 0 0 0 0 0 0 
Mantellidae Gephyromantis Gephyromantis tandroka VU 1 0 0 0 0 0 0 
Mantellidae Guibemantis Guibemantis sp. Ca16 NA 0 0 10 0 0 0 0 
Mantellidae Guibemantis Guibemantis sp. CaNEW NA 7 0 0 0 0 0 0 
Mantellidae Guibemantis Guibemantis tornieri LC 1 0 0 0 0 0 0 
Mantellidae Mantella Mantella ebenaui LC 0 3 0 0 0 0 0 
Mantellidae Mantella Mantella manery VU 1 0 0 0 0 0 0 
Mantellidae Mantella Mantella nigricans LC 1 0 0 0 0 0 0 
Mantellidae Mantidactylus 
Mantidactylus sp. aff. 
'betsileanus North Clade' NA 
0 1 0 0 0 0 0 
Mantellidae Mantidactylus Mantidactylus sp. Ca12 NA 5 0 0 0 0 0 0 
Mantellidae Mantidactylus Mantidactylus sp. Ca41 NA 2 0 0 0 0 0 0 
Mantellidae Mantidactylus Mantidactylus sp. CaNEW2 NA 0 1 0 0 0 0 0 
Mantellidae Mantidactylus Mantidactylus sp1FF NA 0 2 0 0 0 0 0 
Mantellidae Spinomantis Spinomantis aglavei LC 2 0 0 0 0 0 0 
Mantellidae Spinomantis Spinomantis fimbriatus LC 2 0 0 0 0 0 0 
Microhylidae Cophyla Cophyla fortuna NE 0 2 0 0 0 0 0 
Microhylidae Platypelis Platypelis grandis LC 1 0 0 0 0 0 0 
Microhylidae Platypelis Platypelis tetra EN 1 0 0 0 0 0 0 
Microhylidae Plethodontohyla Plethodontohyla notostica LC 4 1 0 0 0 0 0 
Microhylidae Rhombophryne Rhombophryne sp NA 1 0 0 0 0 0 0 
Microhylidae Rhombophryne Rhombophryne sp. CaNEW NA 3 0 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia achyllei NE 67 0 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia diutissuma NE 24 0 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia iharana NE 0 5 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia mamitika NE 21 152 39 29 11 1 0 
Microhylidae Stumpffia Stumpffia sorata NE 16 5 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia sp NA 3 0 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia sp. aff. edmondsi NA 0 1 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia sp. CaNEW1 NA 0 6 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia sp. CaNEW2 NA 1 0 0 0 0 0 0 
Microhylidae Stumpffia Stumpffia sp1 NA 0 5 0 0 0 0 0 




ensis LC 0 1 0 0 0 0 1 
Boidae Sanzinia Sanzinia madagascariensis LC 1 0 0 0 0 0 0 
Chamaeleonidae Brookesia Brookesia griveaudi NT 17 2 1 0 0 0 0 
Chamaeleonidae Brookesia Brookesia karchei EN 2 1 0 0 0 0 0 
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Chamaeleonidae Brookesia Brookesia sp. NA 8 1 6 0 0 0 0 
Chamaeleonidae Calumma Calumma cf nasutum NA 0 0 2 0 0 0 0 
Chamaeleonidae Calumma Calumma cf. marojezense NT 13 0 0 0 0 0 0 
Chamaeleonidae Calumma Calumma cucullatum VU 1 0 0 0 0 0 0 
Chamaeleonidae Calumma Calumma nasutum LC 8 30 38 34 24 4 0 
Chamaeleonidae Calumma Calumma sp. NA 1 0 1 0 0 0 0 
Chamaeleonidae Furcifer Furcifer pardalis LC 2 24 85 166 85 142 32 
Chamaeleonidae Furcifer Furcifer timoni NT 1 0 0 0 0 0 0 
Gekkonidae Blaesodactylus Blaesodactylus antongilensis LC 3 0 0 0 0 0 0 
Gekkonidae Ebenavia Ebenavia cf. inuinguis LC 2 2 7 1 1 0 0 
Gekkonidae Geckolepis Geckolepis cf. maculata LC 24 28 23 1 3 0 0 
Gekkonidae Hemidactylus Hemidactylus sp. LC 0 0 1 0 11 3 0 
Gekkonidae Lygodactylus Lygodactylus heterurus LC 0 6 19 7 7 0 0 
Gekkonidae Lygodactylus Lygodactylus sp. NA 1 7 3 2 1 0 0 
Gekkonidae Paroedura Paroedura gracilis LC 13 1 0 0 0 0 0 
Gekkonidae Paroedura Paroedura stumpffi LC 0 27 19 0 0 0 0 
Gekkonidae Phelsuma Phelsuma abbotti LC 0 0 2 0 0 0 0 
Gekkonidae Phelsuma Phelsuma cf. lineata NA 0 0 0 4 1 0 0 
Gekkonidae Phelsuma Phelsuma dorsivittata NT 0 0 2 0 0 0 0 
Gekkonidae Phelsuma Phelsuma guttata LC 8 14 5 0 0 0 0 
Gekkonidae Phelsuma Phelsuma laticauda LC 0 7 18 137 43 5 4 
Gekkonidae Phelsuma Phelsuma lineata LC 3 15 30 74 47 4 0 
Gekkonidae Phelsuma Phelsuma madagascariensis LC 0 37 39 54 17 2 1 
Gekkonidae Phelsuma Phelsuma masohoala CR 0 0 0 0 0 0 0 
Gekkonidae Phelsuma Phelsuma quadriocellata LC 5 1 0 1 0 0 0 
Gekkonidae Phelsuma Phelsuma seippi EN 10 12 2 0 1 0 0 
Gekkonidae Phelsuma Phelsuma sp. NA 0 0 1 0 0 0 0 
Gekkonidae Uroplatus Uroplatus fimbriatus LC 2 0 0 0 0 0 0 
Gekkonidae Uroplatus Uroplatus finaritra NE 1 0 0 0 0 0 0 
Gekkonidae Uroplatus Uroplatus giganteus VU 11 0 0 0 0 0 0 
Gekkonidae Uroplatus Uroplatus lineatus LC 1 0 0 0 0 0 0 
Gekkonidae Uroplatus Uroplatus sikorae LC 1 0 0 0 0 0 0 
Gekkonidae Uroplatus Uroplatus sp. aff. fimbriatus NA 1 0 0 0 0 0 0 
Gerrhosauridae Zonosaurus Zonosaurus madagascariensis LC 0 1 8 21 3 0 5 
Gerrhosauridae Zonosaurus Zonosaurus rufipes NT 65 52 5 0 1 0 0 
Gerrhosauridae Zonosaurus Zonosaurus subinicolor EN 0 2 0 0 0 0 0 
Lamprophiidae Alluaudina Alluaudina bellyi LC 2 0 0 0 0 0 0 
Lamprophiidae Dromicodryas Dromicodryas quadrilineatus LC 0 1 2 2 1 0 4 
Lamprophiidae Elapotinus  Elapotinus picteti LC 1 0 0 0 0 0 0 
Lamprophiidae Ithycyphus Ithycyphus miniatus LC 0 2 0 1 0 0 0 
Lamprophiidae Ithycyphus Ithycyphus perineti LC 1 0 1 0 0 0 0 




ensis LC 0 0 3 0 1 0 3 
Lamprophiidae Leioheterodon Leioheterodon modestus LC 0 0 0 1 0 0 2 
Lamprophiidae Liophidium Liophidium torquatum LC 2 0 0 0 0 0 0 
Lamprophiidae Lycodryas Lycodryas granuliceps LC 0 0 2 0 1 0 0 
Lamprophiidae Madagascarophis Madagascarophis colubrinus LC 0 0 0 0 0 0 0 
Lamprophiidae Pseudoxyrhopus Pseudoxyrhopus cf sokosoko NA 0 1 0 0 0 0 0 
Lamprophiidae Pseudoxyrhopus Pseudoxyrhopus heterurus LC 2 0 0 0 0 0 0 
Lamprophiidae Pseudoxyrhopus Pseudoxyrhopus sp. NA 0 1 0 0 0 0 0 
Lamprophiidae Thamnosophis Thamnosophis lateralis LC 0 2 1 5 0 0 1 
Lamprophiidae Thamnosophis Thamnosophis martae EN 0 0 0 1 0 0 0 
Lamprophiidae Thamnosophis Thamnosophis sp. NA 2 0 0 0 0 0 0 
Scincidae Amphiglossus Amphiglossus cf spilostichus NA 1 0 0 0 0 0 0 
Scincidae Madascincus Madascincus minutus LC 2 1 0 0 0 0 0 
Scincidae Trachylepis Trachylepis elegans LC 0 1 1 0 4 28 1 




Table 12.16: Results of pairwise comparison tests between land-use types for plot-level species rich-
ness of amphibians. Relates to letters in Figure 5.2. Land-use types: OGF: old-growth forest; FF: forest 
fragment; VFST: forest-derived vanilla agroforest; VFLW: fallow-derived vanilla agroforest; WF: 
woody fallow; HF: herbaceous fallow; RP: rice paddy.
Amphibians 
Comparison Estimate Std. Error z value Pr(>|z|) Signif. 
FF - OGF -0.60077 0.17424 -3.448 0.000565 *** 
VFST - OGF -0.70396 0.18025 -3.905 9.41E-05 *** 
VFLW - OGF -0.71489 0.14745 -4.848 1.25E-06 *** 
WF - OGF -0.86904 0.19077 -4.555 5.23E-06 *** 
HF - OGF -1.09861 0.20739 -5.297 1.17E-07 *** 
RP - OGF -1.58816 0.25176 -6.308 2.82E-10 *** 
VFST - FF -0.10318 0.20334 -0.507 0.61184  
VFLW - FF -0.11411 0.17492 -0.652 0.514158  
WF - FF -0.26826 0.21272 -1.261 0.207261  
HF - FF -0.49784 0.22774 -2.186 0.028814 * 
RP - FF -0.98739 0.26877 -3.674 0.000239 *** 
VFLW - VFST -0.01093 0.18091 -0.06 0.951828  
WF - VFST -0.16508 0.21767 -0.758 0.448213  
HF - VFST -0.39465 0.23237 -1.698 0.089434 . 
RP - VFST -0.8842 0.27271 -3.242 0.001186 ** 
WF - VFLW -0.15415 0.19139 -0.805 0.420571  
HF - VFLW -0.38373 0.20796 -1.845 0.065004 . 
RP - VFLW -0.87327 0.25223 -3.462 0.000536 *** 
HF - WF -0.22957 0.24062 -0.954 0.340032  
RP - WF -0.71912 0.27977 -2.57 0.010158 * 
RP - HF -0.48955 0.29136 -1.68 0.092909 . 




Table 12.17: Results of pairwise comparison tests between land-use types for plot-level species rich-
ness of reptiles. Relates to letters in Figure 5.2. Land-use types: OGF: old-growth forest; FF: forest 
fragment; VFST: forest-derived vanilla agroforest; VFLW: fallow-derived vanilla agroforest; WF: 
woody fallow; HF: herbaceous fallow; RP: rice paddy.
Reptiles      
Comparison Estimate Std. Error z value Pr(>|z|) Signif. 
FF - OGF -0.02062 0.1436 -0.144 0.885825  
VFST - OGF -0.04167 0.14437 -0.289 0.772846  
VFLW - OGF -0.35813 0.1323 -2.707 0.00679 ** 
WF - OGF -0.42608 0.16071 -2.651 0.008021 ** 
HF - OGF -1.02962 0.19691 -5.229 1.71E-07 *** 
RP - OGF -1.36609 0.22406 -6.097 1.08E-09 *** 
VFST - FF -0.02105 0.1451 -0.145 0.884638  
VFLW - FF -0.33751 0.1331 -2.536 0.01122 * 
WF - FF -0.40547 0.16137 -2.513 0.011985 * 
HF - FF -1.009 0.19745 -5.11 3.22E-07 *** 
RP - FF -1.34547 0.22454 -5.992 2.07E-09 *** 
VFLW - VFST -0.31646 0.13393 -2.363 0.018134 * 
WF - VFST -0.38441 0.16206 -2.372 0.01769 * 
HF - VFST -0.98795 0.19801 -4.989 6.06E-07 *** 
RP - VFST -1.32442 0.22503 -5.886 3.97E-09 *** 
WF - VFLW -0.06795 0.15141 -0.449 0.653581  
HF - VFLW -0.67149 0.1894 -3.545 0.000392 *** 
RP - VFLW -1.00796 0.21748 -4.635 3.58E-06 *** 
HF - WF -0.60354 0.21023 -2.871 0.004094 ** 
RP - WF -0.94001 0.23585 -3.986 6.73E-05 *** 
RP - HF -0.33647 0.26186 -1.285 0.198818  




Table 12.18: Extrapolated encounter-based diversity estimates of amphibian species richness per 
land-use type (LUT) calculated with the estimateD function of the iNEXT R-package (Hsieh et al., 
2016). Land-use types (LUT): OGF: old-growth forest; FF: forest fragment; VFST: forest-derived va-
nilla agroforest; VFLW: fallow-derived vanilla agroforest; WF: woody fallow; HF: herbaceous fallow; 
RP: rice paddy. m: extrapolation base (5000 encounters). order (q): Hill number order [0, 1, 2]. SC: 
sample coverage. qD: diversity estimate at q. qD.LCL: low 95% confidence level for qD. qD.UCL: upper 
95% confidence level for qD.
Amphibians       
LUT m method order (q) SC qD qD.LCL qD.UCL 
OGF 5000 extrapolated 0 1 59.971 20.356 99.585 
OGF 5000 extrapolated 1 1 11.615 10.009 13.221 
OGF 5000 extrapolated 2 1 6.869 6.024 7.715 
FF 5000 extrapolated 0 1 46.108 12.41 79.807 
FF 5000 extrapolated 1 1 6.542 5.451 7.633 
FF 5000 extrapolated 2 1 3.639 3.232 4.045 
VFST 5000 extrapolated 0 1 17.986 9.082 26.89 
VFST 5000 extrapolated 1 1 6.636 5.919 7.353 
VFST 5000 extrapolated 2 1 4.939 4.35 5.528 
VFLW 5000 extrapolated 0 1 24.97 7.005 42.935 
VFLW 5000 extrapolated 1 1 5.552 4.966 6.139 
VFLW 5000 extrapolated 2 1 4.072 3.68 4.464 
WF 5000 extrapolated 0 1 8.996 7.375 10.616 
WF 5000 extrapolated 1 1 4.843 4.446 5.24 
WF 5000 extrapolated 2 1 4.135 3.707 4.562 
HF 5000 extrapolated 0 1 6.498 3.898 9.099 
HF 5000 extrapolated 1 1 3.492 3.212 3.771 
HF 5000 extrapolated 2 1 3.128 2.878 3.379 
RP 5000 extrapolated 0 1 4.998 4.348 5.648 
RP 5000 extrapolated 1 1 1.331 1.276 1.386 




Table 12.19: Extrapolated encounter-based diversity estimates of reptile species richness per 
land-use type (LUT) calculated with the estimateD function of the iNEXT R-package (Hsieh et al., 
2016). Land-use types (LUT): OGF: old-growth forest; FF: forest fragment; VFST: forest-derived 
vanilla ag-roforest; VFLW: fallow-derived vanilla agroforest; WF: woody fallow; HF: herbaceous fal-
low; RP: rice paddy. m: extrapolation base (5000 encounters). order (q): Hill number order [0, 1, 
2]. SC: sample coverage. qD: diversity estimate at q. qD.LCL: low 95% confidence level for qD. 
qD.UCL: upper 95% confidence level for qD.
Reptiles        
LUT m method order SC qD qD.LCL qD.UCL 
OGF 5000 extrapolated 0 1 41.963 20.405 63.522 
OGF 5000 extrapolated 1 1 16.282 13.376 19.188 
OGF 5000 extrapolated 2 1 8.267 6.192 10.341 
FF 5000 extrapolated 0 1 40.048 10.192 69.904 
FF 5000 extrapolated 1 1 15.463 13.557 17.368 
FF 5000 extrapolated 2 1 10.935 9.614 12.256 
VFST 5000 extrapolated 0 1 35.318 18.21 52.426 
VFST 5000 extrapolated 1 1 14.355 12.633 16.077 
VFST 5000 extrapolated 2 1 9.323 7.998 10.647 
VFLW 5000 extrapolated 0 1 26.949 8.198 45.699 
VFLW 5000 extrapolated 1 1 6.902 6.268 7.535 
VFLW 5000 extrapolated 2 1 5.075 4.631 5.519 
WF 5000 extrapolated 0 1 46.603 11.526 81.679 
WF 5000 extrapolated 1 1 8.715 7.464 9.965 
WF 5000 extrapolated 2 1 6.236 5.415 7.057 
HF 5000 extrapolated 0 1 8 6.83 9.17 
HF 5000 extrapolated 1 1 3.227 2.748 3.705 
HF 5000 extrapolated 2 1 2.194 1.88 2.507 
RP 5000 extrapolated 0 1 18.862 4.312 33.413 
RP 5000 extrapolated 1 1 6.046 3.255 8.836 




12.6 SI Chapter 6
Supporting information for:
Martin, D. A., Wurz, A., Osen, K., Grass, I., Hölscher, D., Rabemanantsoa, T., Tscharntke, T., & 
Kreft, H. (2020c). Shade-tree rehabilitation in vanilla agroforests is yield neutral and may 
translate into landscape-scale canopy cover gains. Ecosystems. 
https://doi.org/10.1007/s10021-020-00586-5
The supporting information for Chapter 6 is also available Open Science Framework (OSF): 
https://oi.org/10.17605/OSF.IO/J64M8.
The data supporting Chapter 6 is available on the Open Science Framework (OSF): 
https://doi.org/10.17632/fxxnwtmynv.1.
12.6.1 Vanilla agroforest establishment over time
 
Figure 12.5: Year of establishment of the 209 vanilla agroforests which are included in this study. 
More agroforests were established when prices were high (Prices per kg of black vanilla, data from 
DRAE (2018). There is no clear trend towards more forest- or more open-land derived agroforests 
over time. Note that this figure does not necessarily indicate an expansion of vanilla agroforestry in 
recent years as vanilla agroforests established in the past might have been abandoned before this
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inventory took place, thus excluding them from our sample of currently active vanilla agroforests. 
Additionally, the numbers for 2017 and 2018 are likely underestimated as we specifically visited 
agroforests listed by farmers during interviews in 2017 (Hänke et al., 2018). At that time, agroforests 
established later in 2017 and 2018 did not exist yet and we thus did not ask farmers to visit such 
agroforests during data collection in 2018. Therefore, all agroforests established in 2018 and some 
established in  2017 in the present sample were not included in the interviews in Hänke et al. (2018). 
12.6.2 Map of study region
 
Figure 12.6: Study design overview. A: The island of Madagascar off East Africa with the SAVA re-
gion. B: SAVA region including a rectangle depicting the study area. C: Study area with forest cover 
2017 (Vieilledent et al., 2018), roads, rivers and the three major cities Sambava, Antalaha and Andapa 
as well as Marojejy National Park. We collected agroforest data in 10 villages selected in stratified-
random way (orange) from 60 villages selected for a previous study (Hänke et al., 2018). We addi-
tionally collected data in 4 villages selected in a non-random way (see Methods). Those villages were 
also part of Hänke et al. (2018). Grey circles around the 60 villages depict area for which we calcu-
lated landscape-scale canopy cover trends.
12.6.3 Method canopy cover
Data collection
We took nine photos per agroforest as the mean canopy cover between several photos per 
plot provides more reliable results (Tichý, 2016). Of the nine photos, we took one in the plot
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centre, another four 10 m from the centre in all cardinal directions, respectively, and the 
last four 10 m further in all cardinal directions (Figure 12.7). Some agroforests were too 
small to take photos at 20 m distance from the centre, so we took the respective photos at 
the edge of such agroforest. We took all photos with the built-in camera (Lenovo 
5C28C02840) of a Tablet (Lenovo Yoga YT3-850F) without a lens converter added. This 
approach, without a lens converter (fish eye) has been demonstrated to provide satisfactory 
results for canopy cover estimation (Tichý, 2016). We applied no special settings, auto-expo-
sure, 2:3 format, 2448x3264 pixels, and took RGB images. We took photos above the head 
of the observer (circa 190 cm; higher than most vanilla pieds), levelled and facing to the 
zenith.
 
Figure 12.7: Sampling design inside a schematic vanilla agroforest. Points for canopy cover photos 
and canopy height estimates are the agroforest centre, 10 m and 20 m, respectively, in all cardinal 
directions, resulting in 9 measurements/estimates per agroforest. We determined agroforest size by 
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Photo processing  
 
Figure 12.8: Analysis path for all 1886 canopy cover photos from 209 agroforests. Orange lines rep-
resent that photos passed quality checks, that is a visual comparison of the raw .jpg images and the 
classified .tif revealed satisfactory results. Blue lines represent that the photo did not pass the quality 
check, leading to a separation for subsequent analysis.
Automatic classification R-Script 
We used the batch processing mode of the R-Package caiman (CAnopy IMage ANalysis; Ver-
sion GitHub commit a1ad464; https://github.com/GastonMauroDiaz/caiman) to automat-
ically classify the RGB photos into vegetation/sky. We applied a three-level hierarchical 
classification process. Firstly, we assessed the amount of open sky in the photo. For photos 
with less than 25% open sky, we classified pixels as sky/vegetation using the enhanceHP 
function of the caiman package which uses fuzzy logic. We then used the autothreshold func-
tion to attribute each pixel to sky/vegetation. For photos with more than 25% of open sky, 
all canopy cover 
photos tried with 
automatic 
classification  using 






but quality check 
failed; N=200 photos)
High canopy cover 
photos analysed with 




check passed, N=52 
Photos
Low canopy cover 
photos analysed with 
fix threshold 0.3 
(N=148 photos)
Successfully classified 
(quality check passed; 
N=107 photos)
Difficult light 
conditions led to 




using eraser tool in 




and quality check 
passed; N=1657 
photos)
--> 9 photos wer cut 
smaller due to small 
part of the camera 





High canopy cover 
photos analysed with 




check passed, N=14 
Photos
Low canopy cover 
photos analysed with 




































































we tested whether the open sky was mainly blue or not using colorfulness function of the 
caiman R-package. If the sky was blue (colourfulness value > 1), we classified pixels in veg-
etation respectively sky using the enhanceHP function on hue values only. Photos with over-
cast sky, in contrast, were classified using a rough mask. Figure 12.9 depicts the analysis 
path as described here. The procedure described here is implemented in a single function 
called adaptive_binarization (as of caiman R-Package release https://doi.org/10.5281/ze-
nodo.3366346).
Fix thresholding R-Script
We only applied the fix thresholding script on photos for which the automatic classification 
R-script did not produce good results or where the procedure failed entirely (see Figure 
12.8). Those photos were manually separated in two groups: Very high canopy cover and 
very low canopy cover. Photos with medium/normal canopy cover were generally classified 
well using the automatic classification script. For those photos, we applied the following 
procedure: Firstly, we used the normalize function of the R-package caiman on each photo 
to set the range of pixel intensity values between 0 and 255. Secondly, we pre-set the thresh-
old to 0.3 for very open pictures and to 0.65 for very high canopy cover pictures. Using these 
fix thresholding value yielded good results for all but 41 photos.
Approach for photos where the results were still bad after fix thresholding (41 photos)
For 41 photos, the results were still unsatisfactory after using fix thresholding (see Figure 
12.8). These photos were almost all taken under very difficult light conditions and/or had 
strongly contrasting clouds leading to the classification of sky as vegetation. In such cases, 
we opened the original RGB .jpg photo on one screen and the badly classified .tif image 
(sky/vegetation binary) on the other screen in ‘Paint 3D’ and manually used the rubber tool 
to reclassify cloud pixels that were classified as vegetation into the class sky (white). In very 
few cases (10/41 photos), patches with little vegetation were completely classified as con-
tinuous vegetation. In those cases, we also used the rubber tool and changed some of the 
vegetation classified pixels to sky, roughly imitating the vegetation pattern visually seen in 
the original .jpg photo. However, the part of the photo with such area never exceeded circa 
25% of the photo and errors introduced through this technique should be negligible. 
Smaller photos
There are 9 photos from different agroforests in which the protective case of the tablet 
partly covered the lens. However, the part of the photo obstructed with the tablet cover 
never exceeded more than circa 10% of the photos. We cut off the part of the .tif image that
 299 
was covered by the protective case, leading to smaller photos on which we assessed the 
percentage sky vs. percentage vegetation. There are 31 photos from 4 plantations that were 
not taken in the 2:3 format (2448x3264 pixels) but in a 16:9 format (1080x1920 pixels). 
For those photos, we applied the same procedures as for all other photos. 
 
 
Figure 12.9: Analysis path of dynamic thresholding R-script leading to the binary sky/vegetation 
classification of each pixel.
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Table 12.20: Results of linear mixed effect models explaining vanilla yields [kg ha-1] (scaled and Box-
Cox transformed with lambda 0.25) across 209 vanilla agroforests Madagascar.
Vanilla yield model 
  Full model Reduced model 
Predictors Estimates CI p Estimates CI p 




0.08 -0.06 – 0.22 0.261 0.07 -0.07 – 0.21 0.301 
Mean canopy cover 0.08 -0.07 – 0.22 0.311 0.11 -0.03 – 0.26 0.137 
Age of agroforest 0.39 0.26 – 0.52 <0.001 0.38 0.26 – 0.51 <0.001 
Planting density 0.20 0.07 – 0.33 0.003 0.22 0.09 – 0.35 0.001 
Annual precipitation 0.11 -0.05 – 0.27 0.169 0.09 -0.07 – 0.24 0.274 
Land-use history * 
canopy cover 
-0.07 -0.21 – 0.08 0.358 
   
Land-use history * 
age of agroforest 
-0.06 -0.19 – 0.06 0.320 
   
Land-use history * 
planting density 
-0.13 -0.26 – 0.00 0.053 
   
Land-use history * 
annual precipitation 
0.09 -0.06 – 0.23 0.229 
   
Random Effects    
σ2 0.56 0.55 
τ00 0.19 hhcode 0.21 hhcode 
 
0.01 village 0.02 village 
ICC 0.27 0.30 
N 14 village 14 village 
 
152 hhcode 152 hhcode 
Observations 209 209 
Marginal R2  0.242 0.216 
Conditional R2 0.445 0.450 
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Table 12.21: Results of linear mixed effect models explaining canopy cover [%] (scaled) across 209 
vanilla agroforests in north-eastern Madagascar.
Canopy cover model 
  Full model Reduced model 
Predictors Estimates CI p Estimates CI p 




0.15  0.00 – 0.29 0.048 0.16 0.02 – 0.30 0.023 
Age of agroforest 0.26 0.14 – 0.38 <0.001 0.27 0.15 – 0.39 <0.001 
Elevation -0.43 -0.63 – -0.23 <0.001 -0.41 -0.61 – -0.21 <0.001 
Forest cover 250 m 0.12 -0.02 – 0.26 0.093 0.10 -0.04 – 0.23 0.151 
Planting density -0.02 -0.15 – 0.11 0.751 -0.02 -0.14 – 0.11 0.788 
Land-use history * 
age of agroforest 
-0.09 -0.21 – 0.02 0.109    
Land-use history * 
elevation 
0.06 -0.10 – 0.22 0.477 
   
Land-use history * 
forest cover 250 m 
-0.04 -0.18 – 0.11 0.627 
   
Land-use history * 
planting density 
-0.10 -0.22 – 0.02 0.103 
   
Random Effects   
σ2 0.51 0.51 
τ00 0.14 hhcode 0.15 hhcode 
 
0.07 village 0.08 village 
ICC 0.29 0.31 
N 14 village 14 village 
 
152 hhcode 152 hhcode 
Observations 209 209 
Marginal R2 0.346 0.337 




Table 12.22: Results of linear mixed effect models explaining canopy height [m] (scaled and Box-
Cox transformed with lambda 0.35) across 209 vanilla agroforests in north-eastern Madagascar.
Canopy height model 
  Full model Reduced model 
Predictors Estimates CI p Estimates CI p 




0.42 0.29 – 0.54 <0.001 0.41 0.29 – 0.53 <0.001 
Age of agroforest 0.09 -0.01 – 0.19 0.074 0.09 -0.01 – 0.19 0.068 
Elevation -0.18 -0.35 – -0.02 0.030 -0.21 -0.36 – -0.05 0.008 
Forest cover 250 m 0.12 -0.00 – 0.24 0.058 0.12 0.01 – 0.24 0.034 
Planting density 0.03 -0.09 – 0.15 0.626 0.02 -0.09 – 0.14 0.675 
Land-use history * age 
of agroforest 
-0.15 -0.25 – -0.05 0.004 -0.16 -0.26 – -0.06 0.002 
Land-use history * ele-
vation 
0.06 -0.09 – 0.21 0.428 
   
Land-use history * for-
est cover 250 m 
0.07 -0.06 – 0.20 0.318 
   
Land-use history * 
planting density 
-0.02 -0.13 – 0.10 0.749 
   
Random Effects   
σ2 0.27 0.26 
τ00 0.36 hhcode 0.36 hhcode 
 
0.02 village 0.02 village 
ICC 0.59 0.59 
N 14 village 14 village 
 
152 hhcode 152 hhcode 
Observations 209 209 
Marginal R2 0.352 0.352 




Table 12.23: Results of a general additive model explaining change in remotely sensed canopy cover 
from 2000 to 2010 around 60 focal villages in north-eastern Madagascar.
Landscape-scale canopy cover model 
Parametric coefficients  Estimate Std. Error t-value p 
  Intercept 2.63 0.42 6.33 < 0.001 
  Smooth terms  edf Ref.df F-value p 
  Baseline 6.99 6.99 3653.38 < 0.001 
Random effects     
Village (Random effect) 58.90 59.00 550.23 < 0.001 
Longitude (Random effect) 0.00 1.00 0.00 0.206 
Latitude (Random effect) 0.00 1.00 0.00 0.613 
N   60 village 
   809’889 longitude 
   809’889 latitude 
Observations   809’889 
R2 adjusted   0.08 
12.6.5 Yield estimates from other studies
Table 12.24: Overview of published green and black vanilla yield estimates [kg ha-1] including se-
lected FAO data. Some data is only available as kg vine-1 or as kg plant-1; other data represents ranges 
rather than point estimates.
Yearly 
green va-















Madagascar Various FAO Data year 2018 (FAO, 2020) 
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2010) 
* possibly too low as households in the study are supposed to sell exclusively to ‘Fairtrade’ 
traders, possibly prompting respondents to underreport harvests as they may have been 
engaged in contractually forbidden ‘side selling’ to other traders (Hänke & Fairtrade Inter-
national, 2019) 
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aomanarivo Raveloson, L. H., & Grass, I. (in prep.) High crop yields without biodiversity 
losses in tropical agroforestry.
Please note: numeric result tables are under preparation.
 
Figure 12.10: Left: Distribution of 36 vanilla-support-tree-units on a 25-meter radius plot in a 
va-nilla agroforest. Right: Unique barcode label on vanilla-support-tree-unit.
 
Figure 12.11: Three different types of leaf damage on vanilla leaf: leaf tissue missing, leaf necrosis 
and leaf rotting (from left to right).
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Figure 12.12: Study design overview. a) The island of Madagascar off East Africa with the SAVA re-
gion. b) SAVA region c) Study area with forest cover 2017 (Vieilledent et al., 2018), roads, rivers and 
the three major cities Sambava, Antalaha and Andapa as well as the 10 study villages and Marojejy 
National Park where we collected data on biodiversity and ecosystem functions. The villages where 
we collected data on yields and profits are not displayed.
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Figure 12.13: Semi-blocked study design with replicated land-use types across 10 villages and two
old-growth forest sites where we collected data on biodiversity and ecosystem functions. Each 
square represents one plot, squares are arranged in 12 blocks according to the site respectively vil-
lage of the plot.
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Figure 12.14: Multidiversity, endemic multidiversity and multifunctionality at stages along a land-
use trajectory in north-eastern Madagascar at the 20%, 50% and 80% thresholds. Differences in mul-
tidiversity (A, B & C) between stages along the land-use trajectory are strongest at the 50% thresh-
old. The conservation opportunity with the strongest potential, i.e. most taxa failing to pass the 
threshold after conversion, is conservation opportunity 1 (old-growth forest).  Differences in en-
demic multidiversity (D, E & F) between land-use types along the land-use trajectory are strongest 
at the 20% threshold. The conservation opportunity with the strongest potential, i.e. most taxa failing 
to pass the threshold after conversion, is conservation opportunity 1 (old-growth forest).  Multifunc-
tionality (G, H & I) shows less pronounced differences between land-use types at the 50% and 80% 
threshold but is most different at the 20% threshold. Points coloured according to the land-use type 
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